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ABSTRACT 
 
CRIS C. LEDON-RETTIG: Phenotypic Plasticity's Role in the Origins and Diversification of 
Feeding Strategies in Spadefoot Toad Larvae 
(Under the direction of David W. Pfennig) 
 Phenotypic plasticity - the ability of one genotype to produce many phenotypes in 
response to environmental change - may play a critical role in allowing populations to endure 
environmental transitions. Moreover, selection on genetic variation underlying plastic 
phenotypes may modify and refine these traits such that they are adaptive in novel 
environments. Yet the prevalence of such genetic variation in natural populations, and the 
proximate mechanisms underlying its expression, remain relatively uncharacterized. 
 My research sought to address this gap by assessing the role of environmentally-
dependent phenotypes and their underlying genetic variation in the origins and diversification 
of feeding strategies among spadefoot toad larvae. While most spadefoot larvae feed on a 
range of diets, two lineages specialize on specific resources. Tadpoles of the genus Spea can 
develop as a carnivore morph that preys on, and is induced by fairy shrimp. In contrast, Sc. 
couchii, which cooccurs with Spea, specializes on detritus. 
 Using a comparative approach, I determined that Sc. couchii have been excluded from 
the shrimp resource because of predation pressure imposed by Spea, and that Sc. couchii 
minimize this predation risk via behavioral plasticity. Furthermore, this dietary exclusion has 
been followed by evolutionary modification of Sc. couchii's behavioral, physiological and 
morphological responses to shrimp.
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 Relaxed selection on traits that are no longer used - such as those involved with 
consuming shrimp in Sc. couchii  - can result in the accumulation of neutral population 
genetic variation. When these populations encounter a new environment (or revisit an old 
one), such genetic variation may be expressed and is potentially adaptive. I found that 
feeding Sc. couchii shrimp amplifies the expression of genetic variation in a trait that is 
adaptive for consuming shrimp (as seen in Spea). Additionally, the hormone corticosterone, 
which is elevated in Sc. couchii fed the shrimp diet, can mediate the expression of this 
variation.  
 In summary, ecological interactions can influence genetic variation underlying 
environmentally-dependent phenotypes and, by extension, phenotypes that are expressed and 
potentially adaptive when populations transition to novel environments. Furthermore, 
characterizing environmentally-dependent physiological processes may help us to better 
understand when and how such phenotypes are expressed. 
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CHAPTER I 
GENERAL INTRODUCTION 
 Feeding strategies are diverse, even among closely related taxa, but little is known 
about how organisms transition to novel diets. One possible scenario is that the novel 
phenotypes associated with a particular feeding strategy arise through novel mutation, 
recombination or hybridization, and then increase in frequency through natural selection. 
Alternatively, environmentally dependent phenotypes (i.e., plastic phenotypes) exposed 
during a dietary transition can become modified and refined by natural selection through a 
process known as "genetic accommodation" (West-Eberhard 2003). Although it is often 
debated whether phenotypes generated by novel mutations and novel environmental stimuli 
are interchangeable in the eyes of natural selection (Moczek 2007), evolution via genetic 
accommodation is simply a change in the frequencies of alleles that regulate the expression 
of traits. Such environmentally dependent expression of genetic variation exists for virtually 
all traits, and is ubiquitous in natural populations (Schmalhausen 1949, Falconer and Mackay 
1996, West-Eberhard 2003). 
 The environmental induction of phenotypes can occur in the absence of population 
genetic variation. Indeed, populations that experience strong selection to maintain specific, 
environmentally conditional phenotypes may harbor relatively little genetic variation in their 
developmental response patterns. Further, this type of plasticity can help an organism persist 
during an environmental transition while "awaiting" adaptive genetic mutations (Price et al. 
2003, Ghalambor et al. 2007, Crispo 2008). In this way, purely phenotypic adjustments (i.e.,
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without changes in gene frequencies) can promote diversification and innovation. However, 
the adaptive modification of these phenotypes can proceed more rapidly if selection can act 
on environmentally exposed variation that is underlain by genetic variation (Fisher 1930). 
Genetic variation that is exposed or amplified when a population experiences an 
environmental stressor is commonly referred to as "cryptic genetic variation". Although 
several studies have recently examined the role of plasticity per se in the evolution of 
adaptive phenotypes (Gomez-Mestre and Buchholz 2006, Parsons and Robinson 2006, 
Aubret et al. 2007, Wund et al. 2008, Scoville and Pfrender 2010), none have specifically 
addressed potentially exposed genetic variation in the regulation of these phenotypes. 
Therefore, although genetic accommodation that occurs via selection on previously cryptic 
genetic variation may provide a general explanation for how populations make rapid 
environmental transitions, it is not clear how prevalent or important this process is in nature. 
 Indeed, documenting genetic accommodation via selection on previously cryptic 
genetic variation in nature is difficult because it requires characterizing traits of interest both 
before and after an environmental shift has occurred, along with some measure of population 
genetic variation in regulatory alleles (Moczek 2007). However, in many cases this process 
might be so efficient at producing rapid evolutionary change that we fail to observe it 
(Pigliucci and Murren 2003). Rather than watching genetic accommodation "in action", we 
can sometimes infer what has already occurred by using a comparative approach based on 
phylogenetic relationships; i.e., comparing the environmental responses of a lineage with a 
derived trait to the responses of a closely related lineage that has retained the ancestral trait. 
Finding that the "ancestral" lineage expresses phenotypic plasticity in the derived trait, and 
population genetic variation underlying the regulation of that trait, would indicate that 
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genetic accommodation of an environmentally dependent phenotype might have occurred in 
the derived lineage. 
 By using this comparative approach we can assess specific hypotheses concerning the 
nature and significance of phenotypic plasticity in evolutionary innovation and divergence. 
However, appropriate systems in which to make these comparisons should meet certain 
criteria. First, populations of interest should be phenotypically plastic; if neither "ancestral" 
or "derived" lineages are environmentally variable, it may be impossible to determine 
whether a given trait arose through preexisting plasticity as opposed to novel mutation (Hall 
2001).  Second, organismal systems most amenable to the investigation of genetic 
accommodation will be those in which the environmental variation and ecological processes 
encountered are well known, and those that maintain a diversity of populations and species 
experiencing divergent ecological (and thus, selective) regimes. 
 In light of these criteria, spadefoot toads may an ideal, natural system in which to 
approach the mechanisms and outcomes of genetic accommodation. Spadefoot toad larvae 
are known to integrate and respond to cues from several biotic and abiotic factors that also 
bear heavily on their fitness. Furthermore, closely related species, and populations within 
species, experience substantially different selective regimes; thus, linking ecological 
processes to evolutionary patterns is often tractable. Most importantly, although the biology 
of this group of amphibians is seemingly unique and thus unrepresentative of many other 
organisms, the developmental, ecological and evolutionary processes that can be illuminated 
with spadefoot toads are likely to apply to a broad range of taxa. In Chapter II, I describe 
spadefoot toads as an emerging system in ecological and evolutionary developmental 
("eco-evo-devo") biology. In particular, I highlight current studies that address the role of 
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plasticity in metamorphic timing and larval feeding strategies in phenotypic innovation and 
diversification.  
 Just within the southwestern United States, spadefoot toad larvae exhibit a diversity 
of larval feeding strategies. Like most anuran larvae, spadefoots may develop as an 
omnivore-like tadpole that feeds on detritus and microorganisms and is characterized by 
small jaw muscles, smooth keratinized mouthparts, and an elongate gut (Duellman and Trueb 
1986, Altig et al. 2007). However, spadefoot tadpoles of the genus Spea may also express a 
diet-induced carnivore morph that is characterized by large jaw muscles (orbitohyoideous; 
Satel and Wassersug 1981), notched and keratinized mouthparts, and a short gut, and feeds 
on shrimp as well as other tadpoles (Pomeroy 1981). Two species, Spea multiplicata and Sp. 
bombifrons, have broadly overlapping ranges, and have undergone ecological character 
displacement (i.e., trait evolution stemming from selection to lessen resource competition; 
Schluter 2000) in larval morph production in places where they co-occur. Indeed, sympatric 
populations exhibit more diverse trophic phenotypes than populations in allopatry (Pfennig 
and Murphy 2000, 2002). Furthermore, although most spadefoot larvae will opportunistically 
consume shrimp, Scaphiopus couchii consumes only detritus and performs exceptionally 
poorly on shrimp, suggesting that they have been historically excluded from this diet. 
Although this pattern might invoke further resource partitioning by ecological character 
displacement, in Chapter III, I assessed whether Sc. couchii has experienced predator-
mediated exclusion from the shrimp resource through direct mortality and predator 
induced behaviors. I hypothesized that recurrent segregation from this diet has resulted in 
assimilation of a detritivore feeding strategy.  
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 Assimilation of the detritivore feeding strategy could have proceeded via two 
evolutionary routes. First, if the maintenance or expression of trophic plasticity is costly 
(Relyea 2002), selection may have eliminated the facultative response to the shrimp diet and 
favored alleles that canalized the detritivore phenotype (West-Eberhard 2003). Alternatively, 
Sc. couchii's ability to consume the shrimp diet might have deteriorated due to relaxed 
selection on traits that facilitate shrimp consumption; relaxed selection on traits allows the 
genes underlying them to accumulate mutations that are potentially deleterious if selection is 
reinstated (Masel et al. 2007).  The reciprocal consequence of relaxed selection is that 
accumulated genetic variation - which includes potentially beneficial mutations - can 
facilitate evolutionary change  (Snell-Rood et al. 2009, Lahti et al. 2010). Such relaxed 
selection and mutation accumulation can occur along a spectrum of time: environmental 
regimes can be completely novel, experienced only infrequently, or simply experienced less 
relative to environments that are constantly exerting selection (as with gender- or age-
specific traits; Snell-Rood et al. 2010). Thus, periods of relaxed selection can potentially 
promote evolutionary change when the selective force is restored. In my dissertation research 
I addressed whether genetic variation whose expression is environmentally dependent 
(cryptic genetic variation) could accumulate in Sc. couchii for resource traits that specifically 
adaptive for a carnivirous feeding strategy. 
 In order to do so, I first characterized general morphological and physiological 
responses among spadefoot species that have experienced different dietary regimes, 
described in Chapter IV. As mentioned, Spea's carnivore morph consists of many unique 
traits, but one trait that is particularly amenable for studying plasticity is the gut: as with 
other vertebrates, amphibians show pronounced variation in gut morphology both between 
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and within species (Starck 2005). Spadefoot species whose larvae typically consume shrimp 
(Spea spp.) expressed morphological and physiological responses to the shrimp that were 
consistent with their evolutionary access to that resource. However, Scaphiopus couchii, 
which are excluded from this diet by carnivorous Spea larvae, exhibited little or no 
physiological response to shrimp and revealed extensive morphological variation (extreme 
short and long gut morphologies) when fed shrimp. Further, families varied in their abilities 
to express these extreme phenotypes. This indicated that shrimp-fed Sc. couchii might serve 
as a useful model for a lineage undergoing a dietary transition. Because they have been 
historically excluded from the shrimp diet (i.e., experienced relaxed selection for the 
carnivorous feeding strategy), traits whose expression is dependent on the consumption of 
shrimp (e.g., similar to those observed in Spea) have had the opportunity to accumulate 
genetic variation. The goals of my subsequent studies were to determine whether the Sc. 
couchii's shrimp-induced phenotypic variation was underlain by genetic variation, and 
identify a mechanism for the differential expression of this variation.  
 Hormones are excellent candidates for mechanisms mediating the expression of diet-
dependent genetic variation: hormones play a central role in linking environmental change 
with a organism's morphological, physiological and behavioral response (Pigliucci 2001, 
Dufty et al. 2002). Given the concurrent release of hormones and cryptic genetic variation 
(Hoffman and Parsons 1997), in response to novel or stressful environments, it seems likely 
that hidden variation in a population is often exposed as a result of environmentally induced 
hormones. To address this possibility, I first determined whether Sc. couchii larvae 
generally upregulate an environmentally sensitive hormone in response to the shrimp 
diet - a diet they do not typical consume (Chapter V).  
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 Given my results from the previous experiment, I evaluated whether a novel diet 
could reveal cryptic genetic variation in the trophic morphologies of Sc. couchii larvae, 
and whether diet-induced hormones could mediate the expression of this variation 
(described in Chapter VI). I found that shrimp, a novel diet for Sc. couchii, revealed diet-
dependent heritable variation in fitness and resource use traits associated with a carnivorous 
feeding strategy. Further, I was able to recapitulate this effect in some traits by exposing 
tadpoles to corticosterone (CORT, the major vertebrate stress hormone; Sapolsky 2000), 
suggesting a mechanistic role for diet-induced hormones in the expression of cryptic genetic 
variation. If this diet-dependent expression of previously cryptic genetic variation is a general 
property of populations undergoing dietary transitions, genetic accommodation may often be 
responsible for the rapid appearance and diversification of feeding strategies.  
 There are several reasons why populations might need to make a rapid transition to a 
novel diet, or specialize on a subset of their native diet. A dietary shift may be essential when 
a population experiences intense competition for resources, when their typical resources are 
depleted by an environmental or biological disturbance, or when they are excluded spatially 
from a resource by co-occurring predators. The common theme among these scenarios is that 
they are initiated by an environmental or ecological stimulus. Because most traits are 
environmentally dependent, it is likely that most dietary transitions are likely accompanied 
by the expression of novel phenotypes. Further, when a population recurrently experiences a 
new dietary regime, selection on underlying genetic variation can suppress, extend or modify 
these novel phenotypes. This dissertation research will improve our understanding of how 
this model, i.e., genetic accommodation, results in the creation and diversification of feeding 
strategies. Understanding how genetic accommodation operates in natural systems is of 
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prime importance given current and dramatic environmental changes (e.g., biological 
invasions, habitat loss and global climate change). More generally, empirical studies 
regarding the underlying mechanisms and ultimate outcomes of this process can shed light on 
one of the most challenging questions facing evolutionary biologists: what is the 
environment's role in - not only selecting - but creating phenotypic diversity?  
 
CHAPTER II 
SPADEFOOT TOADS: AN EMERGING MODEL SYSTEM IN ECOLOGICAL AND EVOLUTIONARY 
DEVELOPMENTAL BIOLOGY 
General Introduction 
 Biologists have long observed that an organism's phenotype arises from an interaction 
between its genes and environment (Woltereck 1909, Johannsen 1911, Schmalhausen 1945, 
Waddington 1959). The fields of ecological and evolutionary developmental biology 
(commonly referred to as "eco-devo" and "evo-devo", respectively) seek first to understand 
how environmental inputs and ecology interact with genetic variation to create phenotypic 
variation, and second, to determine the ecological and evolutionary consequences of this 
variation (Sultan, 2010, Gilbert and Epel 2009).  Implicit in these goals are that phenotypes - 
the raw material for evolutionary change - are dependent on the environment in which they 
are found. Further, ecologically distinct populations and species evolve such that 
environmental cues direct an individual's development to produce phenotypes that are 
adaptive for the variability encountered in the organism’s unique habitat. Accordingly, 
organismal systems most amenable to research in integrating eco-devo with evo-devo will be 
those in which the environmental variation and ecological processes encountered are well 
known, and those that maintain a diversity of populations and species experiencing divergent 
ecological (and thus, selective) regimes. 
 Given these criteria, spadefoot toads have emerged as an excellent system for 
answering questions posed by ecological and evolutionary developmental biologists. As we
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describe in detail below, spadefoot toad larvae are known to integrate and respond to cues 
from numerous biotic and abiotic inputs that also bear heavily on their fitness. Furthermore, 
closely related species, populations within species, and even individuals within populations, 
experience drastically different selective regimes. Consequently, linking ecological processes 
to evolutionary patterns is often tractable. Most importantly, although the biology of this 
group of amphibians is seemingly unique and thus unrepresentative of many other organisms, 
the developmental, ecological and evolutionary processes that can be illuminated with 
spadefoot toads are likely to apply to a broad range of taxa. 
 In this review, we first briefly describe spadefoot toad diversity and geographic 
distribution. We then explore the many environmental factors that shape adaptive phenotypes 
in New World spadefoots. In particular, we highlight two environmentally dependent 
phenotypes that have been refined in this clade and have particularly drastic fitness 
consequences for their larvae: variation in metamorphic timing and the expression of 
resource polyphenism (sensu Mayr 1963). Finally, we address four current avenues of eco-
evo-devo research that have been investigated using spadefoot toads: (1) how 
environmentally-dependent variation serves as a source of novel phenotypes; (2) how 
maternal effects constitute an alternative, epigenetic inheritance system; (3) how 
developmental switches act as sources and facilitators of phenotypic diversity; and (4) how 
positive feedback can arise between phenotypes and environments (sometimes referred to as 
"reciprocal accommodation"; Gilbert and Epel 2009). Describing these mechanisms and 
processes has provided, and will continue to provide, crucial answers to the central question 
unifying the field of ecological and evolutionary development: what is the environment's role 
in not only selecting among diverse phenotypes, but also creating these diverse phenotypes? 
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Spadefoot diversity 
 Despite their common name, spadefoots toads are not true “toads;” that claim is 
restricted to the genus Bufo (Anaxyrus). Spadefoots reside within a clade of frogs 
(superfamily Pelobatoidea). The relationships of spadefoot members to each other have been 
well-resolved (García-Páris, et al. 2003), thereby providing researchers with a solid 
foundation on which to base comparisons of spadefoots that encounter varied abiotic and 
biotic factors and their corresponding evolutionary adaptations (Buchholz and Hayes 2002, 
Buchholz and Hayes 2005, Gómez-Mestre et al. 2006, Ledón-Rettig et al. 2008, 2009 & 
2010). Although there are species of spadefoot that inhabit Europe and Africa (genera 
Pelobates and Pelodytes), our focus in this article is primarily on New World spadefoots, 
which exhibit an array of derived features associated with their desert habitats (e.g., rapid 
larval development and special abilities to secure food in often resource-limited ponds; Bragg 
1945, 1965; Buchholz and Hayes 2002, 2005, Gómez-Mestre et al. 2006).  
 The North American spadefoots (family Scaphipodidae) consist of two genera - Spea 
and Scaphiopus Cope 1866 (Figure 2.1). Within these two genera, three species are desert-
dwellers (Sp. bombifrons, Sp. multiplicata and Sc. couchii; Figure 2.1A). Although the 
remaining species (Sp. intermontana, Sp. hammondii, Sc. holbrookii and Sc. hurterii) live in 
more mesic habitats (Figure 2.1B) and breed in more permanent water, some of these species 
share the same adaptations to xeric environments as their brethren (Bragg 1965, Buchholz 
and Hayes 2002). For instance, although Sc. holbrookii inhabits the temperate east coast of 
the U.S. and has the potential to breed in more permanent water, adults choose to breed in 
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ephemeral ponds and resign themselves to high desiccation risk (Bragg 1945, 1965, Morey 
and Reznick 2004). 
 To reconcile their permeable nature with the desert environment, adult spadefoots 
spend most of the year underground, emerging during warm-weather rains to feed and breed 
in ponds formed by run-off (Bragg 1965). The consequence of breeding in these ponds is that 
spadefoot larvae are under intense selection to grow (tadpoles must reach a minimum size in 
order to metamorphosis; D'Angelo et al. 1941; Wilbur and Collins 1973) and develop rapidly 
enough to metamorphose into the adult, terrestrial form before their larval environment 
disappears. Although desert spadefoots generally have the potential for rapid development 
(Sc. couchii larvae possess the fastest larval period of all biphasic anurans, metamorphosing 
in under eight days; Newman 1988), they also exhibit considerable plasticity in their 
developmental timing, allowing them to acquire nutrients and grow in longer-lasting ponds 
(Newman 1992; Denver 1998). This plasticity is presumably an adaptation for variability in 
pond duration and has profound implications for fitness: body size at metamorphosis is 
positively correlated with juvenile survivorship and size at first reproduction (Berven and 
Gill 1983, Semlitsch et al. 1988). 
 Plasticity in metamorphic timing is ubiquitous among amphibian larvae (Denver et al. 
2002). However, spadefoots have an additional adaptation that helps them cope with their 
desert habitats: larvae of the genus Spea often produce a distinctive ecomorphology that 
preys on anastrocan fairy shrimp - a valuable, but often underutilized, resource in their 
relatively nutrient-limited ponds. Most anuran larvae feed on detritus and microorganisms 
and express a phenotype characterized by small jaw muscles, smooth keratinized mouthparts, 
and an elongate gut (Duellman and Trueb 1986, Altig et al. 2007). Although Spea larvae 
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develop by default as this “omnivore” ecomorphology (sensu Pomeroy 1981), they have the 
potential to develop as an alternative “carnivore“ ecomorphology (sensu Pomeroy 1981), 
which is characterized by large jaw muscles (specifically, the orbitohyoideous muscle; Satel 
and Wassersug 1981), notched and keratinized mouthparts, few labial teeth, and a short gut 
(Pomeroy 1981). Thus, although typical anuran larvae feed opportunistically on eggs, 
macroinvertebrates and dead tadpoles (Schiesari et al. 2009), Spea's carnivore morph is 
specialized for pursuing and subduing live, macroscopic prey. Interestingly, the expression of 
this ecomorph is also induced by the consumption of shrimp and other tadpoles. Such 
discrete, environmentally dependent phenotypes are referred to as "developmental 
polyphenisms" (Mayr 1963). We specifically refer to the particular resource-based 
phenotypic plasticity present in Spea as a “resource polyphenism” (sensu Pfennig and McGee 
2010). This resource polyphenism is present in all four species of Spea; i.e., all have the 
ability to express the carnivore morph (Sp. bombifrons and Sp. multiplicata: Pomeroy 1981; 
Sp. intermontana: Hall and Larsen 1998; Sp hammondii: Turner 1952). However, the degree 
and frequency which resource polyphenism is expressed varies among species and 
populations (e.g., see Pfennig 1999; Pfennig and Murphy 2000, 2002).  
 Carnivory, the traits that accompany it, and even resource polyphenism, occur in 
other species of amphibians. For example, the facultative expression of a carnivorous morph 
can be observed in Ambystomatid and Hynobiid salamanders (Powers 1907, Michimae and 
Wakahara 2002). However, for many of these lineages, it may be difficult to test hypotheses 
concerning the role of environmentally dependent variation in the origins of novel traits, in 
contrast to the situation in spadefoots (see below). This is because such studies must be 
conducted in a phylogenetic context to determine whether a given trait arose through 
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preexisting plasticity as opposed to novel mutation (Hall 2001). For example, all larvae in the 
Pipid genus Hymenochirus are canalized for predatory suction feeding, and this clade is 
phylogenetically nested in a group of obligate suspension feeders (Deban and Olson 2002). 
Thus, if phenotypic plasticity in the resource use traits of Hymenochirus' ancestors were 
assimilated in their descendent lineages, it occurred too fast for us to observe (Pigliucci and 
Murren 2003). In contrast, because there are many spadefoot species and populations that 
express differing degrees of carnivory, they afford an excellent opportunity to examine the 
role of phenotypic plasticity in the emergence and maintenance of novel feeding strategies.  
 Having briefly discussed the diversity of spadefoots, we now turn to an important 
feature of this system: their tendency to be responsive during development to a wide array of 
environmental cues. 
 
The Environmentally Responsive Spadefoot 
 The preceding section identified why spadefoot larvae are ideal for determining the 
role of environment in the production and diversification of ecologically relevant traits. In 
this section, we describe the various environmental inputs that influence the expression these 
diverse phenotypes in spadefoots.  
 
Abiotic Environment 
 The physical, or abiotic, environment plays an important role in shaping the 
expression of morphological, developmental, and behavioral phenotypes of spadefoots. 
Principally among abiotic environmental factors is the duration of the pond in which tadpoles 
develop. In particular, because spadefoot toad larval survival is highly contingent on their 
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ability to metamorphose before their aquatic environment disappears, pond drying is 
arguably the most important abiotic factor for spadefoot larvae. While failing to reach 
metamorphosis before a pond dries is obviously maladaptive, so too is metamorphosing 
prematurely in a longer-lasting pond, where a more slowly developing strategy would allow 
the tadpole sufficient time to acquire additional resources that increase its body size, and 
hence, its fitness as an adult (see above). Because the ponds in which spadefoots typically 
breed are highly variable in duration, and because such variability occurs on both a temporal 
(i.e., a year-to-year) and spatial scale (i.e., within any given year from pond to pond), 
selection has favored plasticity in timing to metamorphosis (Newman 1988, 1992). 
The larvae of most, if not all, spadefoot species have the capacity to respond to 
variation in pond duration by facultatively altering their developmental rate and age at 
metamorphosis. For example, as mentioned above, Sc. couchii larvae possess not only the 
fastest larval period of all biphasic anurans, they also exhibit considerable plasticity in their 
developmental timing, allowing them to acquire nutrients and grow if their pond happens to 
be longer lasting (Newman 1988, 1992; Denver 1998). In another species, Sp. hammondii, 
the proximate cue mediating plasticity in developmental timing is reduction in water volume 
(Denver et al. 1998). Whether water volume is the proximate cue for plasticity in 
developmental timing for all spadefoot members has yet to be determined, although a recent 
study suggests that pond drying is the proximate mechanism for modest developmental 
acceleration in Pelobates syriacus (Székely et al. 2010). 
 
Dietary Environment:  
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 A tadpole's main function is to eat. Thus, it does not benefit larvae to stay larval after 
their resources have vanished. With respect to resource availability, plasticity in 
developmental timing should evolve such that individuals delay development to take 
advantage of abundant food, and hasten development when food is scarce (Wilbur and 
Collins 1973). Indeed, after larvae reach a minimum threshold size necessary for 
metamorphosis (D'Angelo et al. 1941), spadefoot larvae accelerate development after food 
has been withheld and, consequently, metamorphose at a reduced size (Newman 1994, 
Morey and Reznick 2000).  
 In addition to growth and developmental speed, food availability can influence the 
expression of Spea's carnivore morph (see above). As mentioned above, Spea tadpoles have 
evolved plasticity to respond to the presence of an alternative resource, fairy shrimp, by 
facultatively producing a carnivore ecomorph, which specializes on shrimp. The carnivore 
ecomorph is induced when a young tadpole ingests live fairy shrimp (Pfennig 1990). 
Production of this carnivore morph is presumably an adaptation for escaping intraspecific 
competition for a limited resource—detritus—by switching to the more protein rich, but 
often underutilized fairy shrimp (Pfennig 1992; Martin and Pfennig 2009). Additionally, the 
carnivore’s morphological features that enhance predation on shrimp (e.g., a large serrated 
beak, a wide mouth, and large jaw muscles; Martin and Pfennig 2009) also render carnivores 
highly effective at feeding on other tadpoles (Pfennig and Frankino 1997), which further 
reduces competition for food. 
Finally, because shrimp densities among ponds tend to be inversely correlated with 
variation among ponds in duration, shrimp ingestion also serves as a reliable cue of pond 
duration (Pfennig 1990). Moreover, carnivores develop faster than omnivores (Pomeroy 
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1981). Thus, Spea tadpoles can use shrimp ingestion as a reliable cue of not only its dietary 
environment, but also its abiotic environment (specifically, pond duration).  
 
Competitor Environment 
 High densities of anuran larvae, whether conspecific or heterospecific, appear to 
accelerate metamorphosis, and individuals can assess tadpole density accordingly (Newman 
1994). Further, within members of Spea, tadpole morph determination is dramatically 
influenced by the presence of conspecific competitors. As noted above, the evolution of 
resource polyphenism in this group appears to be an adaptation for escaping intraspecific 
competition for food (Pfennig 1992; Martin and Pfennig 2009). When faced with severe 
competition for detritus (the chief food of the omnivore morph), Spea tadpoles tend to 
develop into the carnivore morph, but when faced with severe competition for shrimp (the 
chief food of the carnivore morph), they tend to develop into the omnivore morph (Pfennig 
1992). 
The presence of a heterospecific can also alter the decision of an individual tadpole to 
become a carnivore or an omnivore (Pfennig and Murphy 2000). In particular, Spea tadpoles 
use phenotypic plasticity to facultatively express a resource-use phenotype that differs from 
that expressed by their heterospecific competitor (Pfennig and Murphy 2000, 2002). For 
example, two species, Sp. bombifrons and Sp. multiplicata, co-occur in the southwestern 
USA. Where they co-occur, these species have undergone character displacement with each 
other (Pfennig and Murphy 2000, 2002, 2003; Pfennig et al. 2006, 2007; Rice et al. 2009). In 
populations where each species occurs alone, both species produce similar, intermediate 
frequencies of both morphs (Pfennig et al. 2006). However, in populations where they co-
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occur, Sp. multiplicata shift to producing mostly omnivores, whereas S. bombifrons shift to 
producing mostly carnivores (Pfennig and Murphy 2000, 2002, 2003; Pfennig et al. 2006). 
This divergence appears to reflect selection to lessen interspecific competition for food 
(Pfennig and Murphy 2000, 2002; Pfennig et al. 2007; Rice et al. 2009). Importantly, the 
tadpoles of each species can assess the presence of the other and respond accordingly through 
adaptive morph determination (Pfennig and Murphy 2000, 2002). 
 
Kinship Environment 
 Inclusive fitness theory predicts that altruistic behavior should be directed towards 
related individuals (Hamilton 1964), provided the benefactor can identify the individual as 
related in the first place (Fletcher and Michener 1987). Members of Spea, in particular, can 
stand to benefit from altruistic behavior due to their cannibalistic nature. Indeed, tadpoles 
appear to respond adaptively to their social environment by discriminating and, subsequently, 
protecting their siblings.  
 The carnivore morph, which has the greatest propensity to cannibalize tadpoles, is 
less likely to be expressed when it is surrounded by kin (Pfennig and Frankino 1997) and less 
likely to be found aggregating with siblings when it is expressed (Pfennig et al. 1993). 
Further, the propensity of families to express the carnivore morph is inversely correlated with 
their propensity to consume kin, suggesting that these two traits (carnivore expression and 
kin discrimination) are genetically correlated (Pfennig 1999). Such underlying genetic 
variation may have fueled divergence in recognition systems between species that 
differentially express carnivory: Sp. bombifrons, the species most adept at capturing shrimp 
(the inducing cue for the carnivore morph), is more likely to discriminate and avoid 
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cannibalizing kin (Pfennig 1999). Thus, social environments that favor kin discrimination 
may drive the evolution of sensory systems and decision-making.  
 
Internal Environment 
 Finally, not only does the external abiotic and biotic environment influence 
phenotype expression in spadefoots, but the individual’s “internal” environment does as well. 
Among the aspects of the internal environment that appear to be important is an individual’s 
condition, which has been operationally defined as an individual’s residual mass from a 
population regression of mass against overall body size (i.e., snout to vent length). Therefore, 
individuals that are heavier for a given body size are in better condition. 
Condition can effect phenotypic expression in several ways. For example, an 
individual tadpole's condition can modify the costs and benefits associated with expressing a 
particular trophic morph. When raised alone, smaller Sp. bombifrons tadpoles have a higher 
propensity to develop as carnivores (Frankino and Pfennig 2001), which is likely beneficial 
because the nutritious shrimp diet would help these individuals develop faster and reach the 
minimum size needed for metamorphosis (D'Angelo et al. 1941). For larger individuals, 
which are already relatively close to this critical threshold, the benefits associated with 
developing the carnivore morphology no longer outweigh the costs (carnivores 
metamorphose with less fat than omnivores, which may make them more susceptible to 
desiccation as juveniles; Pomeroy 1981, Pfennig 1992). However, the tables turn in situations 
of high competition: larger tadpoles monopolize the shrimp resource, thus, only relatively 
large tadpoles develop as carnivores (Frankino and Pfennig 2001). Further, the propensity of 
a larger tadpole to develop as a carnivore is a function of the difference between its own size 
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and the size of its competitor. Thus, the expression of the carnivore morph in spadefoot 
larvae may depend both on an individual's condition and the condition of tadpoles around it.  
Additionally, for adult spadefoots, the internal environment of a female can 
dramatically influence a major decision: their choice of mate. Specifically, female Plains 
spadefoot toads (Spea bombifrons) have been shown to alter their mate preferences for 
conspecifics versus heterospecifics depending on their body condition and abiotic 
environment. This species often occurs in natural breeding ponds with the members of 
another species, the Mexican spadefoot (Sp. multiplicata). Under normal circumstances, 
hybridization between these two species is costly: hybrid male offspring are potentially 
sterile, and hybrid female offspring produce fewer eggs than pure species offspring 
(Simovich 1985). However, hybrid offspring tadpoles develop faster and reach 
metamorphosis at an earlier age than do pure Sp. bombifrons offspring (Pfennig and 
Simovich 2002). As noted above, rapid development can be at a premium when breeding in a 
highly ephemeral pond. Moreover, females that are in better condition (regardless of what 
species they are) tend to produce faster developing tadpoles than females that are in poorer 
condition (Pfennig 2007). 
Interestingly, because hybrid offspring develop faster, hybridization can be 
selectively favored when Sp. bombifrons females are in poor condition and breeding in 
rapidly-drying habitats (Pfennig 2007). Females can assess their own condition and also the 
likely lifetime of their tadpole’s environment and adjust their mate preferences accordingly 
(Pfennig 2007). 
 
Major Avenues of Research 
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 In this section, we take up four issues at the heart of eco-evo-devo that have been 
investigated in spadefoot toads. The first concerns the role of environmentally dependent 
variation in the genesis of novel traits. Until recently, the environment has not been given a 
creative role in the phenomenon of novelty (a job traditionally given to genetic mutation). 
Even when it was acknowledged that environmental perturbations could give rise to adaptive 
traits, the evolutionary potential of such variants was cast off; environmentally-induced 
variation was not thought to have a heritable basis, at least not with great fidelity. However, 
it is now clear that many environmentally-induced variants are heritable, and with impressive 
fidelity (Appendix D in Gilbert and Epel 2009). This leads us to our second major avenue of 
research, maternal effects, and an epigenetic system of inheritance. We then consider the 
evolutionary origins of threshold traits and how they may have potentiated further novelty in 
spadefoot toad larvae. Finally, as we examine the interrelatedness developmental 
mechanisms, ecological processes and evolutionary outcomes in spadefoot toad larvae, we 
can see that there is considerable feedback between these elements, a phenomenon 
generalized as "reciprocal accommodation". Indeed, reciprocal accommodation between 
phenotypes, environments and evolutionary variation is likely ubiquitous in nature. 
 
Environmentally-Dependent Variation as a Source of Novel Phenotypes 
 Both historically (Goldschmidt 1940, Schmalhausen 1949) and recently (West-
Eberhard 2003) evolutionary biologists have speculated on how developmental plasticity is 
stabilized to produce novel phenotypes. It has been theorized that selection acts on 
quantitative genetic variation regulating the expression of initially environmentally 
dependent traits, thereby achieving reduced or enhanced plasticity (the extremes being 
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assimilation and polyphenism, respectively; Waddington 1953, Mayr 1963). This process is 
often called "genetic accommodation" (sensu West-Eberhard 2003), and is an attractive 
scenario to posit for the rapid establishment of novel traits because environmentally 
dependent variation can potentially be exposed in many individuals at once, and thus exist at 
a relatively high initial frequency (novel mutations, by contrast, are initially present in one 
individual). Further, because environmental and selective changes are often concurrent, the 
exposure of adaptive phenotypes may occur when they are needed the most. Several 
laboratory studies have demonstrated that selection will reinforce and refine such phenotypes 
(Waddington 1953, Rutherford and Lindquist 1998, Suzuki and Nijhout 2006), indicating 
that environmentally sourced variation could have been the raw material for many of the 
novel phenotypes we observe in nature.  
 However, we are often interested in whether and how this process is responsible for 
ecologically and evolutionarily relevant traits from natural populations; that is, traits that 
have already evolved, and therefore cannot be studied in situ. One way to "turn back the 
clock", in order to examine an organisms' environmentally dependent responses prior to 
natural selection, is to use a comparative approach informed by phylogeny (Shapiro 1980, 
Ghalambor et al. 2007). In other words, by using the phenotypic responses of a taxon that is 
"ancestral" to taxa possessing a novelty to infer whether the actual ancestors of the species or 
population in question could express the novel trait in an environmentally dependent manner. 
 Spadefoot toads can be, and have been, employed for this purpose. In one study, the 
remarkably short larval periods of North American spadefoots were compared to those of 
European spadefoot toads (Pelobates and Pelodytes; Gomez-Mestre and Buchholz 2006). 
Even though the North American still retains considerable plasticity in developmental timing, 
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this plasticity has been reduced along with a trend towards overall shorter larval period. In 
the same way that the neotenous axolotl's constitutively long larval period arose from 
developmentally plastic Ambystomid ancestors (Duméril 1865), the North American clade's 
relatively short larval period appears to have arisen from developmentally plastic Pelobatid 
ancestors. The assimilation of a shorter larval period was apparently achieved through 
selection on genetic variation causing these larvae to produce higher levels of thyroid 
hormone (T3, the key instigator of amphibian metamorphosis; Denver et al. 2002) and/or 
greater tissue sensitivity to T3 (Buchholz and Hayes 2005).   
 In another study, the assimilation of a detritivore feeding strategy in Sc. couchii 
tadpoles was investigated through a comparative approach. In contrast to the generalist 
feeding strategy exhibited by most spadefoot larvae, Sc. couchii feeds exclusively on detritus 
and microorganisms, and suffers poor fitness if fed only shrimp (Ledón-Rettig et al. 2008, 
2009). Ancestors of Sc. couchii may have maintained a generalist feeding strategy, which 
included the shrimp resource, but were ultimately excluded from this diet by predacious Spea 
larvae that inhabit the same ponds (Ledón-Rettig and Pfennig in prep.). Importantly, 
ancestors of Sc. couchii may have mediated this predation risk by choosing microhabitat 
distinct from the highest densities of cannibalistic larvae and, as a by-product, the highest 
densities of shrimp. These behavioral modifications were followed by an evolutionary loss of 
behavioral, physiological and morphological traits that allowed Sc. couchii to consume 
shrimp, leading to assimilation of the detritivore feeding strategy. This process whereby 
environmentally dependent behaviors precede genetic change has been recognized for 
decades (Baldwin 1986, Mayr 1963, Price et al. 2003). 
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 Spadefoots species and populations have left other signatures of genetic 
accommodation. For instance, although certain populations of Sp. multiplicata are plastic 
with respect to the trophic polyphenism, those in sympatry with Sp. bombifrons are canalized 
for the omnivore morph (Pfennig and Murphy 2000 & 2002). Likewise, although carnivorous 
behavior in Spea often emerges after tadpoles have been exposed to shrimp or high tadpoles 
densities of, the behavior is almost innate in certain populations of Sp. bombifrons (Pomeroy 
1981). It remains elusive what genetic changes or combinations are necessary to make these 
traits constitutive or absent. However, we contend that, with increasing investment into 
spadefoot genomics, it will become possible to identify such genes.  
 Ultimately, the most direct evidence that environmentally dependent phenotypes can 
engender evolutionary novelties will come from selection studies on variation exposed under 
novel environmental regimes. Spadefoot toads will be challenging system in which to 
perform selection studies as compared with, for instance, arthropod systems (sensu Suzuki 
and Nijhout 2006), because individuals do not reach sexual maturity for at least one year. 
Nevertheless, to form a complete picture of how the process of genetic accommodation often 
works in vertebrate systems, this is a necessary challenge to accept. Relative to mammals and 
birds, spadefoot have large clutch sizes and external fertilization (making controlled 
breedings more feasible), and therefore may actually be an ideal vertebrate system in which 
to study how environmentally dependent phenotypes evolve. 
 
Maternal Effects: an Epigenetic Inheritance System 
 A particularly fascinating breed of phenotypic plasticity occurs when offspring 
phenotypes are influenced by the environment experienced by their mothers; that is, 
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"maternal effects".  On one hand, genetic maternal effects - where genetic variation among 
mothers' abilities to provide for their young generates variation in offspring phenotypes - are 
generally accepted as a source of selectable variation because they are underlain by genes 
(Wade 1998, Wolf 1998). On the other hand, environmental maternal effects - where 
environmental variation among mothers generates variation in offspring phenotypes - have 
frequently been dismissed as evolutionarily inconsequential because they have no genetic 
basis. This notion has recently been challenged (Jablonka and Raz 2009); if environmentally 
induced phenotypes are persistent, existing or novel genetic variation affecting the regulation 
of these phenotypes may be selected such that the initial inducing agent is no longer 
necessary. 
 But how are maternally induced phenotypes unique from other environmentally 
induced phenotypes, and how do they specifically influence the process of genetic 
accommodation? First, recall that the speed of genetic accommodation is dependent on the 
number of individuals in a population expressing a given phenotype. Because 
transgenerational effects influence offspring phenotypes (even when they are not 
experiencing the inducing factor, themselves), these phenotypes can be tested in more genetic 
backgrounds, thus providing more opportunities for genetic accommodation to occur. 
Further, the more frequent expression of maternally-mediated traits makes it less likely that 
they will deteriorate by mutation and drift in an unexpressed state. Ultimately, through the 
process of genetic accommodation, these traits can acquire a genetically heritable basis 
(Waddington 1953, West-Eberhard 2003). 
 For many amphibians, development is particularly influenced by maternal condition 
(Kaplan 1998). In the Mexican spadefoot toad (Sp. multiplicata), maternal effects appear to 
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drive the expression of alternate trophic morphologies: maternal condition is positively 
correlated with egg size, which in turn influences the time it takes the resulting larvae to 
capture and consume shrimp (Martin and Pfennig 2010). The fact that, in Sp. multiplicata, 
differences in egg size disappear once mothers are equilibrated in body condition (i.e., under 
laboratory conditions) suggests that such maternal effects are primarily epigenetic (Pfennig 
and Martin 2009). This system of inheritance may be accelerating divergence in body size 
and trophic morph determination in two types of populations that experience consistently 
different competitive environments. Relative to conspecific populations in allopatry, 
sympatric populations Sp. multiplicata produce more omnivore-like (less carnivore-like) 
tadpoles, apparently an evolutionary response to avoid resource competition with the superior 
carnivore larvae of Sp. bombifrons (Pfennig et al. 2007). These smaller omnivore tadpoles 
likely develop as smaller adults. The relatively small females from this generation will also 
produce small eggs and omnivore offspring, fueling a self-reinforcing epigenetic cycle that 
promotes divergence between sympatric and allopatric populations (Pfennig and Martin 
2009). Indeed, female Sp. multiplicata are, on average, smaller in sympatry than in allopatry 
(Pfennig and Pfennig 2005). 
 Environmentally mediated maternal effects, similar to those observed in Sp. 
multiplicata, may have preceded and promoted canalized differences in populations of Sp. 
bombifrons. In contrast to Sp. multiplicata, the expression of carnivore morphs in Sp. 
bombifrons is not (or may no longer be) dependent on maternal condition (Pfennig and 
Martin 2010). As mentioned, Sp. bombifrons express a higher frequency of carnivores in 
allopatry as compared with sympatry, but this difference is not related to population 
differences in maternal condition. Instead, the divergence between Sp. bombifrons 
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populations encountering different competitive environments appears to reflect genetic 
differences. How did these differences arise from environmentally mediated maternal 
effects? The answer may reside in the history of this population of Sp. bombifrons with its 
resource competitor. Sp. bombifrons has recently invaded Sp. multiplicata's relatively stable 
range (Rice and Pfennig 2008), and populations of Sp. bombifrons at the front of this 
expansion - populations in which the carnivore morph is expressed in the absence of 
maternal effects - have had a relatively long evolutionary history with their competitor. In 
contrast, populations of Sp. multiplicata at the edge of this invasion front have had very little 
time to evolve, genetically, in response to their competition. Therefore, it is possible that - 
based on their longer evolutionary history with resource competitors - the expression of the 
carnivore morph in Sp. bombifrons populations at the front of an invasion has become 
divorced from maternal control by substitution with novel genetic variants and combinations.  
 
Developmental Switches: Origins and Facilitators of Diversity 
 Developmental polyphenisms have become the poster child for environmentally 
dependent traits (West-Eberhard 2003, Gilbert and Epel 2009).  Although the origins of 
developmental polyphenisms is a motivating topic per se, once in place, they may 
subsequently facilitate the evolution of adaptive, phenotypic variation (West-Eberhard 2005, 
Moczek 2009, Minelli and Fusco 2010). On two fronts, through their biphasic life cycle and 
their trophic polyphenism, spadefoots are a fascinating system in which to investigate the 
origins and evolutionary consequences of developmental switches. 
 It is still unclear whether Spea's trophic polyphenism evolved from continuous 
variation, or has been resurrected - fully intact - from some quiescent developmental switch 
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expressed in ancestral amphibian larvae. However, in other systems, it is often possible to 
reveal intermediate forms from natural populations (Nijhout 2003) and evolve polyphenisms 
from continuous variation in the lab (Suzuki and Nijhout 2006). This suggests that 
continuous plasticity is often ancestral, and that discrete polyphensim is the result of 
selection for adaptive, alternate phenotypes (Nijhout 2003, Moczek 2007). Further, some 
non-polyphenic population of spadefoots exhibit heritable variation in diet-dependent gut 
length, indicating that at least some elements of this trophic polyphenism could have arisen 
from selection on continuous, diet-dependent variation (Ledón-Rettig et al. 2010). 
 Once a developmental switch or sequence has evolved, it can become a toolbox of 
phenotypes that can be rearranged and sorted into novel combinations (i.e., "developmental 
recombination"; West-Eberhard 2003). Developmental switches can include alternate modes 
of behavior, physiology, or morphology that can be deleted, duplicated, amplified or 
rearranged to produce a drastically different outcome or respond to different cues. This 
recombination is possible when context-dependent phenotypes are underlain by modular 
elements (i.e., genes, proteins or traits) that are free from pleiotropic constraints with traits 
expressed in other contexts (i.e, environments or developmental stages). There is rapidly 
accumulating evidence that developmental polyphenisms are often underlain by modular 
elements, at least at the level of gene expression (Moczek 2009, Snell-Rood et al. 2010 in 
press).  
  In spadefoot larvae, the stress axis may be one such developmental switch that has 
resulted in phenotypic diversification. Across vertebrate taxa, the stress axis plays an 
important role in transducing environmental signals into developmental, behavioral and 
physiological responses (Crespi and Denver 2005). Interestingly, in anuran larvae, the major 
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stress and developmental hormones (CORT and T3, respectively) are controlled by the same 
neuroendocrine factor, corticotropin-releasing factor (CRF; Denver 1999). As mentioned, 
spadefoot larvae can accelerate metamorphosis in response to nutritional restriction, 
crowding, water temperature elevation or water volume reduction (Denver 1998, Boorse and 
Denver 2003, Crespi and Denver 2004, Gomez-Mestre and Buchholz 2006). In the last case, 
metamorphic timing has been directly linked to CRF regulation (Denver 1997). Because all 
these cues are indicative of a deteriorating larval habitat, it is likely that CRF coordinates the 
timing of anuran metamorphosis with environmental information by coupling the 
environmental sensitivity of CRF secreting neurons to the actions of T3 and CORT on an 
individual's developmental response. 
  Given that the stress axis is ancient and functions across birds, mammals, fish, 
amphibians and reptiles, it is likely that this developmental switch was co-opted in amphibian 
larvae so that they could respond to a unique set of signals that are particularly good at 
predicting the condition of aquatic habitats. Likewise the same endocrine machinery used for 
the purpose of escaping drying ponds may have been co-opted to produce the alternate 
trophic morph in Spea. Thyroid hormone has been implicated in the expression of the larval 
carnivore morph, which possesses certain attributes characteristic of metamorphosing 
individuals (Pfennig 1992). If this is the case, why do tadpoles that become carnivores not, at 
the same time, metamorphose? The effects of T3 on certain tissues and organs may have 
been divorced through differential distribution of hormone receptors or genetic variation in 
the downstream targets of hormone receptors, themselves. These topics clearly need further 
investigation, but we anticipate that a comparison of the hormonal regulation of morphs, 
populations and species that vary in plastic responses (i.e., developmental timing and trophic 
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polyphenism) will reveal whether ancestral developmental switches (e.g., the stress axis) can 
facilitate the diversification of phenotypes.  
 We may have led you to think that traits only evolve when they are dissociable during 
ontogeny and evolution. However, this is not necessarily true. The converse situation of 
modularity is when developmental switches have pleiotropic effects on traits, resulting in 
relationships that are conserved between populations and species, even if they are exposed to 
different environmental conditions.  If a threshold switch itself evolves (occurring earlier or 
later during ontogeny, responding more or less or to different environmental cues), it may 
bring correlated traits in its wake (Nijhout and Emlen 1998, Moczek and Nijhout 2004, 
Suzuki and Nijhout 2008). For instance, in spadefoot toads, adult snout and leg lengths are 
positively correlated with how long a tadpole develops (a highly environmentally dependent 
variable; Gomez-Mestre and Buchholz 2006). More remarkably, adult snout and leg lengths 
among different species are positively correlated with the length each species' average larval 
period. It's not clear whether these evolutionary byproducts are adaptive. Nevertheless, such 
correlations generate phenotypic variation that can act as new targets for selection and would 
not otherwise be made available. 
 
Reciprocal Accommodation 
 For the majority of this review, we have focused on how the larval spadefoot's 
phenotypic response is shaped by its environmental variation and ecological interactions. 
However, it is important to note that the reciprocal is true: environments and communities 
depend on the developmental responses of the individuals within them (Gilbert and Epel 
2009). This is because genetically distinct individuals are the products of evolution; their 
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developmental responses are shaped and constrained by their environmental and 
phylogenetic history (Sultan 2007). For instance, organisms may alter their competitive 
environment via character displacement, but the ability to undergo character displacement 
tends to be more prevalent and proceed more quickly in taxa that are phenotypically variable 
(Rice and Pfennig 2007). This variability is, in turn, contingent on a species' or population's 
evolutionary past with other environmental and ecological challenges, and constrained or 
promoted by the standing genetic variation underlying their functional traits. 
 These reciprocal effects can be observed in polyphenic Spea. As mentioned, both Sp. 
multiplicata and Sp. bombifrons exhibit trophic polyphenism in allopatry, but Sp. bombifrons 
monopolizes this resource in sympatry, especially in populations at the front of their range 
expansion (Rice and Pfennig 2008). The competitive interaction has driven divergence 
between these species' phenotypes, amplifying and refining carnivorous traits in one and 
omnivorous traits in the other (i.e., the effect of ecology on phenotypes). Species that can 
alter their phenotypes in this way may persist in the face of novel competitive interactions 
because they can switch to a selectively favored phenotype without having to wait for 
mutation or recombination (Pfennig and Murphy 2000, 2002). That is, Spea's developmental 
plasticity has shaped their ecology. In the absence of such plasticity, the less competitive 
species may have become locally extinct. More generally, the outcomes of ecological 
interactions may depend heavily on historical patterns of selection on phenotypes and even 
genetic drift. 
 In addition to competition, phenotypic plasticity is known to modify the strength of 
predator-prey (Krivan 2003, Schmitz 2003), host-parasite and mutualistic interactions that, in 
turn, have compounding impacts on community diversity, stability, and function (Bolker et 
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al. 2003). Further, these properties may reciprocally influence the evolution of plasticity 
(Miner et al. 2005). By characterizing and understanding the interconnectedness between the 
development responses, ecological interactions, and their evolutionary responses of natural 
populations, we can ultimately answer, the major question uniting practitioners of eco-evo-
devo, posed at the outset: what is the environment's role, not only in selecting among diverse 
phenotypes, but also in creating these diverse phenotypes?  
 
Conclusions 
 We hope that, from this review, it is evident that the fields of ecology, evolution and 
development are not only informed by one another, they are contingent on one another. Even 
though the questions asked by these fields are seemingly different, and cross-talk between 
these fields has been relatively limited, the emergent phenomena that can be explained by 
considering all fields in conjunction will surely be greater than the sum of the parts. 
Furthermore, due to recent advances in techniques that make the syntheses of these fields 
possible, it is in this current time that integrating eco-devo with evo-devo may yield the 
largest and most important contributions to science. The difficult part may be in identifying 
appropriate systems in which we know a considerable amount about their genetic variation, 
ecological interactions, and developmental responses. 
 Spadefoots may be an ideal system because a breadth of studies have addressed 
environmental effects on early development, and even their lasting effects on adult 
phenotypes (e.g., see the above section on The Environmentally Responsive Spadefoot). 
Indeed, although eco-devo has only recently gained attention in the literature, research on 
spadefoots and other amphibians has been contributing to this field for decades. Moreover, 
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spadefoot toads might help to illuminate an overlooked problem in eco-devo: how 
development affects ecology. As we noted above, a common, but potentially important, way 
in which development might impact ecology is by promoting character displacement (see 
Reciprocal Accommodation). Thus, research on spadefoot toads has been, and may continue 
to be instrumental in shedding light on both how an organism’s ecology can affect its 
development, and also onto how its development can influence its ecology. 
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Figure Legends 
Figure 2.1. North American range maps of species in genera Spea and Scaphiopus 
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CHAPTER III 
PREDATOR-MEDIATED BEHAVIORAL PLASTICITY PROMOTES  
DIVERSIFICATION OF FEEDING STRATEGIES 
Summary  
 Animals often facultatively engage in less risky behavior when predators are present. 
Few studies, however, have investigated whether and how such predator-mediated behavioral 
plasticity promotes diversification. Here, we ask whether spadefoot toad tadpoles, 
Scaphiopus couchii, lost the ability to utilize a valuable food resource—anostracan fairy 
shrimp—because of an induced defense resulting from intraguild predation imposed by 
spadefoot toad tadpoles of the genus Spea. Depending on their diet, Spea produce a 
distinctive carnivore morph that eats shrimp and other tadpoles. Observations of sister 
species of Sc. couchii that occur in allopatry with Spea, coupled with an ancestral character 
state reconstruction, revealed that Sc. couchii’s ancestors likely consumed shrimp. By 
experimentally manipulating their presence in microcosms, we found that Spea carnivore-
morph tadpoles induce Sc. couchii to reduce feeding and avoid areas where both Spea 
carnivores and shrimp are found. We hypothesize that the recurrent expression of such 
behaviors in sympatric populations of Sc. couchii led to the evolutionary fixation of a 
detritivore (i.e., non-shrimp) feeding strategy, which is associated with a reduced risk of 
predation from Spea carnivores. Generally, predator-mediated behavioral plasticity might 
play a key role in promoting diversification of feeding strategies.
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Introduction 
 Predation is a ubiquitous—and potentially potent—agent of natural selection. Thus, 
most species have experienced prolonged and intense selection to evolve adaptations that 
reduce the risk of being eaten (reviewed in Endler 1991). A common antipredation strategy 
among animals is to facultatively engage in less risky behavior when a predator is present 
(Skelly 1994; Peacor and Werner 2001). Although predator-mediated phenotypic plasticity 
has traditionally been regarded as having no long-term consequences, it can profoundly 
impact the population dynamics of prey (Werner and Peacor 2003; Schmitz et al. 2004; 
Miner et al. 2005; Preisser et al. 2005; Agrawal et al. 2007; Kishida et al. 2010) and even 
promote divergence between prey populations (Edgell et al. 2009; Scoville and Pfrender 
2010). 
 Consider how induced antipredator responses can promote population divergence. In 
a population recurrently experiencing predation, antipredator responses might be induced 
continually. Consequently, the non-induced response(s) would be subject to relaxed 
selection, which might result in the evolutionary loss of the ability to produce these non-
induced response(s) (reviewed in Lahti et al. 2009; Pfennig et al. 2010). Once this occurs, the 
formerly induced response is expressed constitutively and becomes “fixed” in the population 
(e.g., Edgell et al. 2009; Scoville and Pfrender 2010). Although populations experiencing 
high levels of predation might be expected to undergo this fixation, populations experiencing 
low levels would not (e.g., Scoville and Pfrender 2010). Such differential fixation might 
cause populations that experience different levels of predation to diverge not only in 
antipredator response, but also in any traits correlated with this response (Pfennig et al. 
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2010). Eventually, these populations might diverge to such a degree that they become 
reproductively isolated from one another (e.g., see Langerhans et al. 2007). 
 Predator-mediated plasticity might be especially important in promoting 
diversification in feeding strategies, particularly when predators and prey share common 
resources; i.e., when they belong to the same ecological guild (Polis et al. 1989; Holt and 
Polis 1997). With intraguild predation, prey individuals most similar to the predator in 
resource use run the greatest risk of predation, because of their close spatial and temporal 
proximity to the predator. Such selective predation can cause the prey population to diverge 
from the predator population in traits associated with resource acquisition, generating a 
pattern that might be mistakenly construed as having arisen from ecological character 
displacement (i.e., trait evolution stemming from selection to lessen resource competition; 
Schluter 2000). Although the primary agent of this divergent selection would be predation—
not competition—character displacement might further accentuate divergence between 
competitors that also prey on each other. Such divergence might transpire especially rapidly 
if individuals use phenotypic plasticity to not only respond adaptively to the presence of a 
predator, but also to adaptively express a resource-use phenotype that differs from that 
produced by their heterospecific competitor (e.g., see Pfennig and Murphy 2000, 2002). 
 Despite the above arguments that predator-mediated phenotypic plasticity facilitates 
diversification, this possibility remains relatively unexplored empirically, especially in regard 
to the effects of such plasticity on the evolution of novel feeding strategies. We therefore 
sought to investigate the role of predator-induced plasticity in promoting diversification of 
feeding strategies in spadefoot toad tadpoles.  
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 Tadpoles of the genus Spea often express environmentally triggered alternative 
phenotypes showing differential resource use; i.e., resource polyphenism. Depending on their 
diet, the tadpoles of a single sibship can develop into either a small-headed omnivore morph, 
which specializes on detritus, or a large-headed carnivore morph, which preys on, and is 
induced by, anostracan fairy shrimp (Pomeroy 1981; Pfennig 1990). Production of this 
carnivore morph is presumably an adaptation for escaping intraspecific competition for a 
limited resource—detritus—by switching to the more protein rich, but often underutilized 
fairy shrimp (Pfennig 1992; Martin and Pfennig 2009). Additionally, the carnivore’s 
morphological features that enhance predation on shrimp (e.g., a large serrated beak, a wide 
mouth, and large jaw muscles; Martin and Pfennig 2009) also render carnivores highly 
effective at feeding on other tadpoles (Pfennig and Frankino 1997).  
 Although this resource polyphenism is derived within spadefoot toads (Ledón-Rettig 
et al. 2008), the ability to consume macroinvertebrates, such as fairy shrimp, is widespread 
among other closely related tadpoles (Schiesari et al. 2009; Appendix A). Yet, Scaphiopus 
couchii—a spadefoot that occupies the same geographic areas as Spea—generally avoids 
consuming shrimp, even if offered no alternative prey (Ledón-Rettig et al. 2008, 2009). 
Moreover, most Sc. couchii tadpoles grow poorly if limited to a shrimp or proteinaceous diet 
(Buchholz and Hayes 2002; Ledón-Rettig et al. 2008, 2009). By contrast, as we describe in 
the results below, other species of Scaphiopus that live in allopatry with Spea, such as Sc. 
holbrookii, readily prey on shrimp and actually grow as well on shrimp as on detritus.  
 Two types of observations from natural populations suggest that the loss of shrimp-
eating ability in Sc. couchii stems from selection imposed by Spea. First, Sc. couchii 
generally avoid breeding in the same shrimp-rich ponds inhabited by Spea (Cornejo 1985). 
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Second, when they do breed in the same pond, Sc. couchii tadpoles generally remain in 
shallow water on the pond margin (D. Pfennig, personal observation). By contrast, the 
highest densities of shrimp and most carnivorous Spea tadpoles occur in deeper water at the 
pond’s center (Pomeroy 1981, p. 23).   
 Thus, these observations suggest that Spea might have actively excluded Sc. couchii 
from the shrimp resource. Here, we tested this general hypothesis by asking if intraguild 
predation by Spea led to the evolution of a strict detritus feeding strategy in Sc. couchii. Spea 
tadpoles represent a real predation threat to Sc. couchii (Pomeroy 1981; Cornejo 1985). 
Indeed, Spea tadpoles actually prefer Sc. couchii as prey over the tadpoles of other species 
(Pfennig 2000). We therefore specifically sought to test the hypothesis that a recurrent threat 
of predation by Spea caused Sc. couchii tadpoles to facultatively alter their behavior such that 
they avoided the shrimp resource and then underwent evolutionary fixation of the detritus 
feeding form, thereby promoting divergence between ancestral and present-day Sc. couchii in 
feeding strategies.  
 We evaluated this general hypothesis through an ancestral character state 
reconstruction and a series of experiments. We began by using the ancestral character state 
reconstruction to determine if Sc. couchii’s poor performance on shrimp is evolutionarily 
derived. Next, using Sc. holbrookii (a sister species of Sc. couchii that occurs in allopatry 
with Spea) we experimentally verified that the consumption of macroinvertebrates is 
widespread in spadefoot larvae. Finally, we performed an additional experiment to test 
whether predatory Spea influence Sc. couchii's foraging decisions. Taken together, our 
results indicate that predator-mediated behavioral plasticity can promote diversification of 
feeding strategies. 
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Methods 
Ancestral character state reconstruction 
 To determine if Sc. couchii’s poor performance on shrimp is evolutionarily derived, 
we created an ancestral character state reconstruction of larval diets in spadefoots and related 
species using the maximum likelihood (ML) model Mk1 in Mesquite 2.73 (Madison and 
Madison 2010). Species whose larvae do and do not consume macroinvertebrates were given 
the character states "1" and "0", respectively. We designated larvae as macroinvertebrate-
consumers if they had been observed consuming macroinvertebrates in a natural or 
laboratory setting, or if field caught specimens had macroinvertebrates in their guts (species 
and references are catalogued in Appendix A). All transition rates were assumed equal, and 
all branch lengths were set to one. The best estimate of the character state at the node that 
gave rise to Sc. couchii was determined using a likelihood ratio test (Maddison and Maddison 
2010). A likelihood ratio of at least 7:1 for characters at that node was considered to be 
significant (Schluter et al. 1997). This reconstruction was compared to a previously published 
reconstruction of resource polyphenism (this study, Fig. 1; Ledón-Rettig et al. 2008). 
 
Shrimp-induced plasticity and feeding performance in Scaphiopus holbrookii 
 Evidence from the literature revealed that, although the consumption of 
macroinvertebrates is widespread in spadefoot larvae, shrimp-induced carnivorous traits 
(akin to those in Spea) are not (Appendix A). We conducted an experiment with Scaphiopus 
holbrookii to corroborate this conclusion. Parts of six Sc. holbrookii egg masses were 
collected from a natural pond near Hoffman, NC. At hatching, tadpoles were randomly 
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distributed among 100 replicate tanks (21 x 10.8 x 35 cm clear plastic tubs, filled with 800 
mL of dechlorinated water), which were arranged on racks in the same room maintained at 
26°C and a natural light cycle. One day after hatching, larvae were fed either brine shrimp 
nauplii or ground fish food (Wardley cichlid floating pellets; hereafter detritus) ad libitum: 
brine shrimp resemble the fairy shrimp that Spea larvae feed on in nature, whereas ground 
fish food resembles detritus in form and nutrition. These treatments were randomized and 
interspersed among replicate microcosms. Seven days after hatching, tadpoles in the shrimp 
treatment were switched to adult brine shrimp, simulating the development of this resource in 
nature. Throughout the experiment, excess food and tadpole waste was removed from the 
microcosms with a disposable pipette. Ten days after hatching, tadpoles were euthanized and 
fixed in buffered formalin (50 detritus and 39 shrimp replicates were used).  
 We used MANOVA to determine whether the suite of diet-dependent traits that 
constitute Spea's trophic polyphenism were characteristic of Sc. holbrookii fed alternate diets. 
These traits were ascertained using methods in Pfennig, Rice & Martin (2007). Briefly, we 
measured each tadpole’s snout-vent-length (SVL), orbitohyoideous muscle width (OH), and 
gut length (GL) by photographing these parameters with a Lecia (Wetzlar, Germany) 
DFC480 R2 Camera and quantifying them with NIH ImageJ software (Rasband, '97-'06). We 
also characterized the shape of each tadpole’s keratinized mouthparts (MP). We standardized 
OH and GL for body size by regressing the natural log of each trait on natural log 
transformed SVL; this method is appropriate given that the relationships between these traits 
and body size did not vary in a diet-dependent manner (size by diet interaction for OH: P = 
0.14, GL: P = 0.62; see McCoy et al. 2006). We then used the resulting residuals (along with 
MPs), averaged within microcosms, as dependent variables in MANOVA. Finally, we used a 
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one-way ANOVA to determine if the relative performance (average SVL per microcosm) of 
Sc. holbrookii larvae differed on shrimp vs. detritus. These and all further statistical analyses 
were conducted using R statistical software (R Core Development Team). 
 
Predator-mediated behavior, growth and survival in Scaphiopus couchii 
 Recall from the Introduction that when they occur in the same ponds as Spea 
tadpoles, Sc. couchii tadpoles remain in the shallow water, where both carnivore-morph Spea 
tadpoles and shrimp are scarce. As a result, Sc. couchii tadpoles are largely excluded from 
the shrimp resource. We therefore tested whether Spea influence not only Sc. couchii's 
survival, but also their spatial and foraging decisions. To do this, we housed tadpoles in 
conspecific (Sc. couchii only) or heterospecific (Sc. couchii and Sp. bombifrons) microcosms. 
We fed these tadpoles either shrimp or detritus to determine whether diet-type (in particular, 
a second prey item) could modify the outcome of the interaction between Spea and Sc. 
couchii. Thus, there were four different treatment groups, in which focal Sc couchii tadpoles 
were reared with: (1) conspecifics only and detritus; (2) conspecifics only and shrimp; (3) 
heterospecifics and detritus; or (4) heterospecifics and shrimp. 
 Two families each of Sp. bombifrons and Sc. couchii were bred for this experiment. 
Adults of both species were collected from Portal, AZ, where they occur in sympatry. All 
animals had been housed in a colony at the University of North Carolina, Chapel Hill for 2-3 
years. To induce breeding, male and female adults were injected with 0.07 ml luteinizing 
hormone-releasing hormone (Sigma 7134, St Louis, MO, USA) and left for 12 h in nursery 
tanks. 
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 In each treatment group, there were 25 replicate tanks (21 x 10.8 x 35 cm clear plastic 
tubs, filled with 3L of dechlorinated water), which were randomized and interspersed in the 
same room. Three days post-hatching, tadpoles were distributed among treatments. 
Conspecific treatments contained 24 Sc. couchii tadpoles and heterospecific treatments 
contained 12 Sc. couchii and 3 Sp. bombifrons tadpoles (Sp. bombifrons tadpoles are 
approximately 4x the size of Sc. couchii tadpoles by weight at nine days after hatching; 
unpublished data). These tadpoles were chosen randomly and in equal proportions from each 
of the four families. Tadpoles were fed either brine shrimp or detritus. One end of each tub 
was propped up against its clear plastic lid, such that there was a "shallow" and "deep" end of 
each replicate (1.5 and 3 inches of water, respectively, which are typical depths experienced 
by Sc. couchii larvae in their natural ponds; Newman 1987). The outside bottom of each tub 
was bifurcated by a strip of white tape to delimit the shallow and the deep ends. In all tanks, 
shrimp or detritus had disappeared before the tadpoles were fed again.  
 Beginning the day after larvae were distributed, replicates were scan sampled 
(Altmann 1975) three times a day (at 0800, 1200, and 1400 hr), for a total of 5-10 seconds 
per replicate. Three measures were taken: the proportion of Sc. couchii on the shallow end, 
the proportion of Sc. couchii feeding and Sc. couchii survival. To maximize the number of 
replicates that could be observed during a given time point, only tadpoles browsing the 
bottom of containers were scored. A previous field study indicated that spadefoot toad larvae 
spend the majority of their foraging time browsing the bottom of ponds (Pomeroy 1981, p. 
19). In total, 10 observations were made over the course of 4 days. After the last time point 
was completed, tadpoles were over-anesthetized with MS-222 and preserved in buffered 
formalin. 
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 To assess the effects of diet and predators on behavior and survival we performed 
logistic regression using a binomial error structure and a logit link function. We measured 
depth preference as the number of tadpoles on the shallow end of a microcosm over total 
surviving tadpoles (during a given time point), foraging behavior as the number of feeding 
tadpoles over total surviving tadpoles (during a given time point), and survival as remaining 
tadpoles over the initial number of tadpoles in that microcosm (during the last time point). 
For all models we included the fixed independent variables community (heterospecific or 
conspecific) and diet (detritus or shrimp), and for the two behavioral responses we included 
the random variable of microcosm (to account for the nonindependence of repeated 
measurements on each replicate over time). 
 We used likelihood ratio tests to determine which factors should be retained in the 
models. Interactions between community and diet were removed for the depth preference 
model, but retained for the feeding behavior and survival models. We used Wald tests to 
evaluate the contribution of each community and dietary factor to our models. Additionally, 
we ran our mixed models (behavioral responses) as simple generalized linear models 
(treating the variable "microcosm" as fixed) and obtained qualitatively identical results (the 
standard errors in figure 2 are based on estimates from these models). Ultimately, 859 
observations were made on 99 replicate microcosms.  
 To test further if the presence of a predator per se influenced the behavior of Sc. 
couchii tadpoles, we evaluated whether the degree to which Sp. bombifrons expressed the 
carnivore phenotype (and, hence, the degree to which they represented a predatory threat to 
Sc. couchii) influenced their Sc. couchii tankmates' foraging behavior. To do so, we 
measured on each Sp. bombifrons tadpole three morphological traits that are diagnostic of the 
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carnivore morphology (OH, GL and MP; see above). Following the methods in Martin and 
Pfennig (2009), we used principal component analysis to combine these three traits into a 
single multivariate shape variable (the “morphological index”). The larger this index (i.e., 
PC1, which explained 69% of the variance in our data), the greater the degree to which 
individual Sp. bombifrons tadpoles expressed the distinctive carnivore morphology. Using 
this index we first confirmed that diet influences the expression of Sp. bombifrons' carnivory 
(see Pfennig 1990). Next, for each heterospecific microcosm, we took the mean proportion 
(over all time points) of Sc. couchii occupying the shallow end or foraging, and regressed 
these values on the mean morphological index for the Sp. bombifrons in that microcosm. 
 
Results 
Ancestral character state reconstruction 
 The ML reconstruction suggested Sc. couchii's ancestors typically consumed shrimp 
(Fig. 1); the ancestral node that gave rise to Sc. couchii favored the consumption of 
macroinvertebrates as the best character state (relative likelihoods for macroinvertebrate 
consumption: lack of macroinvertebrate consumption were 18.7:1). 
 
Shrimp-induced plasticity and feeding performance in Scaphiopus holbrookii 
Sc. holbrookii performed equally well on shrimp and detritus (SVL: F1,28 = 0.03, P = 
0.87), but shrimp-fed and detritus-fed tadpoles did not differ morphologically in a way that 
would suggest they exhibit trophic polyphenism (PC1: F1,28 = 1.20, P = 0.33). 
 
Predator-mediated behavior, growth and survival in Scaphiopus couchii 
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 In the presence of Sp. bombifrons, Sc. couchii were more likely to associate with the 
shallow end of their tank (GLMM: Z = 5.42, P < 0.0001; Fig. 2A) and less likely to be 
feeding (GLMM: Z = 5.42, P < 0.0001; Fig. 2B). However, the effect of Spea's presence on 
Sc. couchii's feeding behavior was diet-dependent; Spea had a more drastic impact on Sc. 
couchii's feeding behavior when tadpoles were given a shrimp diet (!2 = 31.51, P < 0.0001). 
Furthermore, Sc. couchii housed with Spea had lower survival (GLM: Z = 23.71, P < 0.0001, 
Fig. 2C), and this effect was more severe in the presence of shrimp (!2 = 11.01, P = 0.0009). 
 Spea bombifrons had greater expression of carnivory when fed shrimp than when fed 
detritus (F1,48 = 5.86, P =0.02). Spea bombifrons morphology had no effect on the mean 
proportion of Sc. couchii occupying the shallow end (P = 0.43; Fig. 3A), but it did depress 
Sc. couchii feeding: the more carnivore-like Spea were, the less likely their Sc. couchii 
tankmates were to be feeding (F1,48 = 4.05, R
2
adj = 0.06, P = 0.0497; Fig. 3B). 
 
Discussion 
 Although ecologists have long recognized that many species facultatively engage in 
less risky behavior when predators are present (reviewed in Werner and Peacor 2003), few 
studies have investigated the evolutionary consequences of these induced defenses. For 
example, little is known about whether and how induced defenses promote evolutionary 
transitions to novel feeding strategies. In the present study, we asked whether spadefoot toad 
tadpoles, Scaphiopus couchii, lost the ability to utilize a valuable food resource—anostracan 
fairy shrimp—because of an induced defense resulting from intraguild predation imposed by 
spadefoot toad tadpoles of the genus Spea. 
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 Our results indicate that the risk of predation by Spea led to the loss of shrimp-eating 
ability and the eventual fixation of a novel feeding strategy in Sc. couchii: specializing solely 
on detritus. Specifically, an ancestral character state reconstruction, together with 
observations of Sc. couchii’s sister species (Sc. holbrookii), revealed that ancestral Sc. 
couchii likely consumed shrimp and that this trait was subsequently lost (Fig. 1). Moreover, 
our experimental results suggested that this trait loss might stem from an antipredator 
behavior that is induced only in Spea’s presence (Fig. 2): when Sp. bombifrons were present, 
Sc. couchii were less likely to be feeding and more likely to prefer shallow water (in natural 
ponds, carnivore morph Spea and shrimp congregate in deeper water; Pomeroy 1981, p. 23). 
Finally, time spent feeding was negatively correlated with the degree to which the Spea 
tankmates expressed the carnivore morphology (Fig. 3). Thus, a recurrent threat of predation 
by Spea might have caused Sc. couchii tadpoles to facultatively alter their behavior such that 
they avoided the shrimp resource or areas of ponds where shrimp are found until they 
eventually evolved a new feeding strategy that was associated with a lower risk of predation 
from Spea. 
 Although our data are consistent with the notion that predation caused Sc. couchii to 
evolve a new feeding strategy, we cannot rule out the possibility that ecological character 
displacement also played a role (as has occurred among different species of Spea; Pfennig 
and Murphy 2000, 2002; Pfennig et al. 2007). Indeed, the fact that Sc. couchii were more 
likely in the presence of Sp. bombifrons to associate with shallow water (where shrimp are 
rare) could have arisen, in part, from interference competition over access to the shrimp 
resource. Such agonistic interactions can favor divergence between competitors (Adams 
2004; Peiman and Robinson 2007). Although both predation and competition might have 
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served as agents of divergent selection in this system, predation likely played the more 
significant role, for two reasons. First, Spea are known to be important predators of Sc. 
couchii (Pomeroy 1981; Cornejo 1985; Pfennig 2000) and likely contributed to the observed 
decreased survival in heterospecific microcosms (Fig. 3C). Second, the shift to a detritivore 
feeding strategy would not reduce competition with omnivore morph Spea tadpoles, which 
feed mostly on detritus on the pond margins (Pomeroy 1981, p. 23). Indeed, because 
competition’s intensity increases with similarity in resource use (Pfennig et al. 2007), the 
evolution of a strict detritus feeding strategy would intensify competition with omnivore 
morph Spea tadpoles. 
 We hypothesize that because of predation pressure (and possibly also competition) 
imposed by Spea, shrimp-eating ability was lost in Sc. couchii tadpoles. We further 
hypothesize that this process was mediated by predator-induced behavioral plasticity. 
Eventually, however, this plasticity was lost as populations became “fixed” for a detritus-
feeding strategy. But how did fixation occur? 
 The loss of plasticity—and the subsequent fixation of a newly favored, canalized 
phenotype (in this case, the detritus-eating form)—occurs through genetic assimilation 
(Waddington 1953) and can proceed via two routes. First, when the maintenance or 
expression of plasticity is costly (Relyea 2002), selection should act to eliminate such 
facultative responses and instead favor alleles that regulate expression of the newly favored 
trait (West-Eberhard 2003). Second, plasticity might be lost through mutational degradation 
or genetic drift (Masel et al. 2007). Experiments have demonstrated the loss of plasticity 
(Suzuki and Nijhout 2006), and numerous studies have shown that traits experiencing relaxed 
selection can be lost in natural populations (reviewed in Lahti et al. 2009). Although we do 
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not have enough evidence to test the above two non-mutually exclusive pathways to genetic 
assimilation, our preliminary data argue against the notion that selection promoted the loss of 
shrimp-eating ability. The population from which our Sc. couchii were derived exhibits 
substantial genetic variation in ability to capture and assimilate shrimp (Ledón-Rettig et al. 
2010). If shrimp-eating ability were lost due to selection, we would expect to detect less 
variation in Sc. couchii's performance on shrimp relative to that on detritus. 
 To convincingly demonstrate that the presence of carnivorous Spea tadpoles caused 
Sc. couchii to lose the ability to consume shrimp would require a comparison of sympatric 
versus allopatric populations of Sc. couchii (unfortunately, Sc. couchii's range is almost 
entirely included within that of Spea). Such studies might also help illuminate whether 
predator-induced plasticity was already present in Sc. couchii before they encountered Spea, 
and whether sympatric Sc. couchii therefore merely exploited a pre-existing behavior. It is 
also possible, however, that predator-induced plasticity evolved in sympatry. Indeed, because 
different populations of Spea vary in inherent tendency to produce carnivores (Pfennig and 
Murphy 2002), such variation might have promoted diversification in behavior and 
microhabitat use among different sympatric populations of Sc. couchii. Thus, heterogeneous 
predation pressure might explain the evolution of behavioral plasticity in Sc. couchii. 
 We suggest the following evolutionary scenario for how Sc. couchii evolved a new 
feeding strategy. Initially, both Spea and Scaphiopus tadpoles consumed anostracan shrimp, 
which is a valuable, but often underutilized, resource in the ephemeral ponds in which both 
species breed (Pfennig 1992, 2000). Over time, Spea tadpoles evolved or refined a resource 
polyphenism that enhanced their ability to consume shrimp (Ledón-Rettig et al. 2008) and 
tadpoles (Pfennig 1999). Consequently, sympatric Sc. couchii adjusted to the presence of 
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increasingly predaceous Spea by evolving the ability (or taking advantage of a pre-existing 
ability) to respond by reducing their activity and moving to the pond margin, which was 
relatively devoid of carnivore-morph Spea but also of shrimp. Because Sc. couchii 
experienced this microhabitat recurrently, and consumed detritus primarily, they eventually 
lost the behavioral, morphological, and physiological traits needed to prey on shrimp.  
 A potentially important feature of this system is that not only do prey exhibit an 
inducible defense, but the predator also produces an inducible offense (sensu Padilla 2001): 
the distinctive carnivore morphology. Such plasticity among prey and predator can stabilize 
populations when these inducible responses are density-dependent (Vos et al. 2004; 
Verschoor et al. 2004; Mougi and Kishida 2009). That is, if prey defensive traits become 
more pronounced or widespread when predator densities are high, then the per capita 
consumption rate of the prey is expected to decrease (Miner et al. 2005). As a consequence of 
this decreased consumption rate, the frequency and/or magnitude of inducible offenses 
among predators is reduced and become less threatening to prey, causing prey defenses to be 
less pronounced. However, such negative feedback between an induced offense and an 
induced defense does not appear to occur between Spea and Sc. couchii: the consumption of 
shrimp is the cue that induces and actually enhances Spea's carnivorous attributes (Pfennig 
1990). Thus, Spea's shrimp-induced plasticity should engender a positive feedback cycle 
wherein the degree to which Sc. couchii are excluded from shrimp is directly proportional to 
the availability of this resource. The evolutionary consequence of this predator-prey 
interaction, and the modification of this interaction by a second prey species (shrimp), 
appears to be complete exclusion from the shrimp diet. 
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 Generally, we are only beginning to understand the effects of biotic and abiotic 
modifiers of predator-induced behavior on population dynamics (Miner et al. 2005; Kishida 
et al. 2010), let alone their repercussions for diversification. The interactions among Spea, 
Scaphiopus, and fairy shrimp, in concert with variation in predator and prey plasticity, 
provide an excellent opportunity to investigate these issues. The present study suggests that 
predator-mediated behavioral plasticity might play a general and important role in promoting 
diversification of feeding strategies. 
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Figure Legends 
Figure 3.1. Occurrence of shrimp consumption and shrimp-induced polyphenism in 
spadefoots (outgroup Discoglossus). Relative support for ability to consume shrimp (left tree) 
or to express a carnivorous morph (right tree; from Ledón-Rettig et al. 2008) is indicated in 
black. Unlike most spadefoot larvae, Scaphiopus couchii grow poorly on the shrimp 
(asterisk). The larvae of congener Sc. holbrookii (star) are capable of consuming shrimp 
although they do not express trophic polyphenism (assessed in this study). 
 
Figure 3.2. When housed with predators, Sc. couchii are more likely to associate with 
shallow water (A), less likely to be feeding (B), and less likely to survive (C) than when they 
are housed with conspecifics, only. Asterisks denote significance differences between 
predator and no predator environments (P < 0.0001) and bars indicate + SE of model 
coefficients for treatment groups. Significant interaction effects between diet and predator 
environments were found when measuring tadpole foraging behavior (P < 0.0001) and 
survival (P = 0.0009). 
 
Figure 3.3. The proportion of Sc. couchii tadpoles observed foraging decreases with 
increasing expression of carnivory in Sp. bombifrons (A). In contrast, there was no 
relationship detected between Spea's expression of carnivory and Sc. couchii's depth 
preference (B). The morphological index is a multivariate shape variable that describes an 
individual's degree of expressed carnivory. 
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CHAPTER IV 
ANCESTRAL VARIATION AND THE POTENTIAL FOR GENETIC ACCOMMODATION IN LARVAL 
AMPHIBIANS: IMPLICATIONS FOR THE EVOLUTION OF NOVEL FEEDING STRATEGIES
1 
 
Summary 
 Few studies provide empirical evidence for phenotypic plasticity’s role in the 
evolution of novel traits. One way to do so is to test whether latent plasticity was present in 
an ancestor that could be refined, enhanced or diminished by selection in derived taxa 
(through “genetic accommodation”), thereby producing novel traits. Here, we evaluated 
whether gut plasticity preceded and promoted the evolution of a novel feeding strategy in 
spadefoot toad tadpoles. We studied Scaphiopus couchii, whose tadpoles develop an elongate 
gut and consume only detritus, and two derived species, Spea multiplicata and Sp. 
bombifrons, whose tadpoles also express a novel, short-gut phenotype in response to a novel 
resource (anostracan shrimp).  Consistent with the expectations of plasticity-mediated trait 
evolution, we found that shrimp induced a range of phenotypes in Scaphiopus that were not 
produced with detritus. This plasticity was either suppressed or exaggerated in Spea 
depending on whether the induced phenotypes were adaptive. Moreover, in contrast to its 
effects on morphology, shrimp induced little or no functional plasticity, as assessed by gut 
cell proliferation, in Scaphiopus. Shrimp did, however, induce substantial proliferation in Sp. 
bombifrons, the species that consumes the most shrimp and that produces the short-gut
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1
 This chapter is modified from Ledón-Rettig, C. C., D. W. Pfennig and N. Nascone-Yoder. 2008. Ancestral 
variation and the potential for genetic accommodation in larval amphibians: Implications for the evolution of 
novel feeding strategies. Evolution & Development 10:316-325. 
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 phenotype the most frequently. Thus, if Spea had ancestral morphological plasticity in 
response to a novel diet, their shrimp-induced short-gut morphology may have undergone 
subsequent genetic accommodation that improved its functionality. Hence, diet-induced 
phenotypic plasticity may have preceded and even promoted the evolution of a novel 
phenotype. 
 
Introduction 
 One of biology’s most significant unresolved issues is to understand how novel, 
complex phenotypes originate, both developmentally and evolutionarily. Long-standing 
theory suggests that new traits may begin as environmentally initiated phenotypic change 
(Baldwin 1896; Schmalhausen 1949; Waddington 1959; West-Eberhard 2003). Consider that 
most organisms have the capacity to alter their phenotype in response to external stimuli 
through the process of phenotypic plasticity (reviewed in West-Eberhard 2003). According to 
the theory, some such environmentally triggered variants may, by chance, improve an 
organism’s viability under stressful conditions (Baldwin 1896; Schmalhausen 1949). If 
heritable variation exists among members of a population in their tendency to produce the 
newly favored trait, then selection should favor those alleles or gene combinations that best 
stabilize, refine, and extend the new trait’s expression (a process know as "genetic 
accommodation", West-Eberhard 2003). Over evolutionary time, a trait that was initially 
produced in response to an environmental stimulus may eventually become either canalized 
or become part of an alternate phenotype controlled by a developmental switch 
(polyphenism). In this way, novel traits may emerge from an organism’s flexible 
developmental system. 
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 Here, we explore phenotypic plasticity’s role in the origin of novel resource 
acquisition traits. In particular, we examine whether and how phenotypic plasticity mediates 
the evolutionary transition to a novel diet. The focus of our research is the origin of a short, 
carnivore-like gut found in certain larval amphibians. Amphibians, like many other 
vertebrate species, show pronounced variation in diet and gut morphology, both within and 
between species (Piersma and Lindstrom 1997; Sabat et al. 1998; Hume et al. 2002; Secor et 
al. 2002; Starck and Rahmaan 2003; Starck 2005). In some cases, dietary signals induce a 
change in gut morphology through phenotypic plasticity: ingestion of small particles of plant 
material induces an elongate gut (observed in most amphibian larvae, Altig et al. 2007), 
whereas large particles of animal prey induce a greatly shortened gut (Yung 1904; Babak 
1905). These morphologies are thought to be adaptive for assimilating low and high-nutrient 
diets, respectively (Barton and Houston 1993; Hume 2005). Such plasticity is expected in the 
gut because, although it is generally the most expensive organ to generate and maintain, it 
also dictates an individual’s net energy gain from a given meal (Hume 2005). In effect, 
expressing the inappropriate gut morphology or physiology for a given diet may place an 
individual at an extreme selective disadvantage (Diamond 1991).  
 We were specifically interested in determining whether intraspecific plasticity forms 
the basis for the evolution of interspecific differences in gut development and resource use. 
Our study focuses on spadefoot toad tadpoles. During their larval stage, spadefoot toad 
species vary in their ability to consume an alternate diet. Specifically, tadpoles in the genus 
Spea may depart from their usual diet of minute organic material and prey on large 
invertebrates (anostracan fairy shrimp) and other tadpoles (Pomeroy 1981; Pfennig 1990). 
Moreover, where they co-occur in southeastern Arizona, Sp. bombifrons and Sp. multiplicata 
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have diverged in feeding behavior, with Sp. bombifrons possessing the higher inherent 
propensity to consume shrimp (Pfennig and Murphy 2000; Pfennig and Murphy 2002). 
Competition for shrimp may be so intense that sympatric Sp. multiplicata (the inferior 
competitor for shrimp) specializes only on detritus (Pfennig and Murphy 2000). Unlike Spea, 
a third species of spadefoot toad inhabiting southeastern Arizona – Scaphiopus couchii –
feeds exclusively on minute organic material (detritus; D. Pfennig, pers. observ.). Because 
the larvae of Scaphiopus (Spea’s sister genus, García-París et al. 2003), and most other 
anuran species feed on detritus and microorganisms (Altig et al. 2007), it is likely that the 
ancestors of Spea shared the same omnivorous feeding strategy as Sc. couchii, and that 
carnivory in this genus is a derived trait (confirmed in the present study; see Results and 
Figure 4.1). Moreover, different feeding strategies are associated with different 
morphologies. In contrast to the long, coiled gut of most anuran larvae (including 
Scaphiopus), Spea larvae that consume shrimp facultatively develop a relatively short, 
uncoiled gut. It has not been observed, however, whether Sc. couchii possess the same 
morphological response when they are forced to consume shrimp. Further, it is unknown 
whether Sc. couchii has the ability to assimilate this potentially high quality resource in the 
same manner as Spea.  
 In this study, we focused on the above three species of spadefoot toads to evaluate the 
possible role of genetic accommodation in morphological evolution. Documenting 
accommodation in natural populations is difficult because once a trait or reaction norm has 
spread through a population, it is impossible to distinguish whether it arose in response to an 
environmental stimulus or through selection on standing phenotypic variation (Hall 2001; 
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Moczek 2007). Nonetheless, there are specific predictions that, if met, would provide 
convincing evidence that plasticity played a significant role in trait evolution.  
First, ancestral species (or closely-related species that share the ancestral condition), when 
challenged with a novel environmental stimulus (i.e., a stimulus experienced by species with 
derived traits), should exhibit plasticity in the trait of interest (Badyaev et al. 2005; West-
Eberhard 2005; Ghalambor et al. 2007). Finding such a pattern would suggest that “hidden” 
sensitivity to environmental stimuli existed in the ancestor that could have provided the 
variation on which natural selection could act to promote the evolution of novel phenotypes 
in derived taxa (Rutherford and Lindquist 1998; Hall 2001; Queitsch et al. 2002; Sangster et 
al. 2004; Badyaev et al. 2005; West-Eberhard 2005). Second, because no known mechanism 
can generate adaptive variation in anticipation of a novel environmental stimulus (Moczek 
2007), such phenotypic variation should be random with respect to its adaptive value in the 
inducing environment. Further, we would also expect the magnitude of the plastic response 
to vary between genotypic backgrounds; e.g., across different sibships (Waddington 1959; 
Queitsch et al. 2002).  
 To determine whether phenotypic plasticity may have facilitated the evolution of 
novel feeding morphologies in larval spadefoot toads, we examined initial patterns of 
plasticity (by measuring the response of a species with the ancestral condition on a novel 
diet) and how that plasticity has evolved under specific diet regimes (by measuring the 
response of derived species on their current diets). We also determined whether there was 
elaboration of these traits consistent with ancestral plasticity being modified by selection in 
descendent species. Specifically, we characterized larval gut plasticity in Sc. couchii, Sp. 
multiplicata, and Sp. bombifrons 24 hours after being fed either detritus or shrimp to test the 
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key prediction that gut plasticity was present prior to the evolution of novel gut 
morphologies. We then measured intestinal cellular proliferation across all three species 
during the time of initial diet-induced divergence to determine whether a healthy 
physiological response, possibly the result of genetic accommodation, had evolved only in 
species that recurrently used shrimp. We summarize our predictions in Figure 4.2. 
 
Materials and Methods 
Ancestral Character State Reconstruction 
 First, we sought to determine if Sc. couchii could serve as an appropriate substitute 
for Spea’s ancestral condition. As noted in the Introduction, the larvae of most anuran species 
(including those in Spea’s sister genus, Scaphiopus: García-París et al. 2003) are 
omnivorous, feeding on detritus and microorganisms (Altig et al. 2007). We therefore 
explored whether the ancestors of Spea likely shared the same omnivorous feeding strategy 
as Sc. couchii and whether carnivory is a derived trait in Spea (where carnivory is defined as 
the ability to capture and consume living, macroscopic prey, such as anostracan shrimp and 
other tadpoles). 
 To address this issue, we used a phylogenetic framework to study the evolution of 
carnivory in larval anurans. Different feeding strategies (i.e., omnivory and carnivory) are 
associated with different morphologies. Most anuran larvae express a phenotype 
characterized by smooth keratinized mouthparts, small jaw muscles, and an elongate gut. We 
refer to this phenotype hereafter as the “omnivore” ecomorph. In contrast, Spea larvae, when 
fed live shrimp, may facultatively express a phenotype characterized by notched and serrated 
keratinized mouthparts, large jaw muscles, and a short gut. We refer to this phenotype 
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hereafter as the “carnivore” ecomorph (this ecomorph has been documented in all four Spea 
species: Sp. bombifrons and Sp. multiplicata: Pomeroy 1981; Sp. intermontana: Hall 1988; 
Sp. hammondii: J. Arendt, pers. comm.). Thus, we used the presence (or absence) of the 
distinctive carnivore phenotype to indicate whether a particular clade had (or had not) 
evolved carnivory. 
 To determine if carnivory is a derived trait in Spea, we used the Maximum likelihood 
(ML) model Mk1 in Mesquite 2.01 (Maddison and Maddison 2007) to reconstruct Spea’s 
ancestral feeding strategy. We used a tree based on the analysis of García-París et al. (2003), 
which was constructed using ML and Bayesian analyses of partial sequences of two 
mitochondrial genes (cytochrome b and 16S RNA). Branches of the same species were 
consolidated when they were monophyletic. Each species was assigned a feeding strategy 
(carnivory or omnivory) based on whether or not the carnivore ecomorph had been 
documented in that particular species. Species that express solely an omnivore ecomorph 
were given character state “0”, whereas those that have the ability to express an alternate 
carnivore ecomorph were given character state “1”. All transition rates were assumed equal, 
and all branch lengths were set to one. The best character state for a given node was 
determined by whether the log likelihoods of carnivory and omnivory differed by 2 (the 
decision threshold); if the log likelihoods of the two states differed by 2 or more, the state 
with the lower likelihood was rejected (Maddison and Maddison 2007). 
 
Breedings 
 All breedings were performed using pairs of animals captured near Portal, Arizona, 
USA. Moreover, the Sp. multiplicata used in the experiments below were derived from 
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populations that are sympatric with Sp. bombifrons. Thus, based on earlier work (Pfennig and 
Murphy 2000; Pfennig and Murphy 2002), we expected these Sp. multiplicata to be canalized 
for omnivore production (confirmed in this study; see Results). Captured animals had been 
housed in a colony at the University of North Carolina, Chapel Hill for 1-2 years. To induce 
breeding, adults were injected with 0.07 mL Lh-Rh luteinizing hormone (Sigma number L-
7134) and left overnight in nursery tanks. All procedures were carried out in compliance with 
the Institutional Animal Care and Use Committee at the University of North Carolina, Chapel 
Hill, under application # 03-0110. 
  
Characterizing Gut Morphogenesis on Alternative Diets 
 To infer whether morphological gut plasticity was likely present in ancestral Spea, we 
examined the gut morphology of larvae from 2-3 sibships of Sp. bombifrons, Sp. 
multiplicata, and Sc. couchii after being fed fairy shrimp or detritus. After animals had bred, 
192 larvae from each sibship were transferred to individual 3 oz plastic cups that were 
randomized and interspersed on racks in the same room maintained at 26°C and on a 14 h L: 
10 h D light cycle. Four days after breeding, each larva was fed either 0.25 mL (~ 50 mg wet 
weight, ~10 mg dry weight) of brine shrimp nauplii or 10 mg of ground fish food; brine 
shrimp resemble the fairy shrimp that Spea feed on in nature, whereas ground fish food 
resembles detritus. Twenty-four hours later, tadpoles that had cleared their cups of food 
(ensuring that all individuals – even Sc. couchii in the shrimp treatment – had consumed the 
same amount of diet) were euthanized with tricaine methosulfonate (MS 222), fixed in 10% 
formalin and stored in 70% ethanol. Only those that cleared their cups of food (family 
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average for shrimp/detritus = 72.5/79 for Sp. bombifrons, 63.3/77.6 for Sp. multiplicata, and 
56.5/94.5 for Sc. couchii) were used in subsequent analyses.  
 To assist in visualizing gut morphology, the ventral skin of each preserved tadpole 
was removed before photographing the guts with a Leica DFC480 R2 Camera 
(magnification, x2.5). Gut morphology was characterized by the number of revolutions the 
gut had completed (partial revolutions were estimated to one tenth of a full revolution, e.g. 
2.7 revolutions). We used three methods to determine the patterns of diet-induced gut 
morphologies among sibships and species. First, we used a non-parametric Wilcoxon rank-
sum test to compare the number of gut revolutions induced by detritus or shrimp in each 
sibship. A non-parametric analysis was used because the data failed to meet the assumption 
of normality, even after transformation. Second, we used Levene’s test to compare how 
variable diet-induced phenotypes were in each sibship. Finally, we determined how 
frequently extreme morphologies occurred in response to diet by assessing outliers. Outliers 
in each sibship fell above and below the upper fences of the sibship-specific (pooled-
treatments) distributions of revolutions (upper fence = upper quartile value + 
1.5*interquartile range, lower fence = lower quartile value – 1.5*interquartile range). All 
statistical analyses were performed with JMP version 5.1.2 Statistical Software (SAS 
Institute, Cary, NC). 
 
Measuring Cellular Proliferation 
 To determine whether morphologies induced by shrimp in ancestral Spea have 
undergone modification in derived species that routinely consume this diet, we measured 
cellular proliferation in the larval intestines of each spadefoot species during the initial time 
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of diet-induced morphological divergence. Following the consumption of a meal, intestinal 
cell proliferation may indicate how well an individual assimilates a particular diet (e.g., see 
Rebel et al. 2006; see also the Discussion). We therefore measured intestinal cellular 
proliferation, i.e the number of cells undergoing mitosis, in each sibship and species. 
 We obtained embryos from two sibships each of Sp. bombifrons, Sp. multiplicata, and 
Sc. couchii (all sibships were different from those breedings used in characterizing gut 
morphology). One hundred forty-four larvae from each sibship were transferred to individual 
3 oz plastic cups and fed either 0.25 mL (~ 50 mg wet weight, ~10 mg dry weight) of brine 
shrimp nauplii, 10 mg of ground fish food, or were given no food. Twenty-four hours later, 
those that had cleared their cups of food (ensuring that all individuals – even Sc. couchii in 
the shrimp treatment – had consumed the same amount of diet) were anesthetized with 5% 
MS 222 and fixed for immunohistochemistry (IHC) following the protocol of Langer (Langer 
2004). A dilute (1:100) polyclonal antibody, anti-phosphohistone H3 (Upstate USA - 
Millipore), was added to the samples and left to incubate at 4°C overnight. After the 
incubation, the samples were left at room temperature for an hour before washing with a 
phosphate buffer and 0.1% Tween-20 solution (PBT) for three 2 hr washes. The PBT was 
removed and a dilute (1:400) Alexa Fluor 568 labeled goat-anti-rabbit secondary antibody 
was added to the samples with blocking solution for an overnight incubation at 4°C. The 
secondary antibody was removed by three 2 hr washes with PBT. Specimens were mounted 
on slides in antifade mounting medium with 4',6-diamidino-2-phenylindole (DAPI, for the 
identification of cell nuclei) (Invitrogen). Images of guts were stained for IHC, viewed on a 
Leica DM 5000B microscope (magnification x3.8), and captured using the Simple PCI 
imaging system. We used an approximately 0.5mm x 0.5mm section in the anterior gut 
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(immediately posterior to the stomach) to quantify proliferation; absorption of nutrients in 
anuran larval gut is know to decline anterioposteriorly (Toloza and Diamond 1990; Ishizuya-
Oka et al. 1997) and it is more likely that the anterior portion of larval intestines respond 
morphologically and functionally to luminal nutrients (Secor 2005; Tappenden 2006). 
Mitotic cells in this area were identified by their intense staining (red) against a field of DAPI 
stained cells (blue), counted, and divided by the area of interest to create an index of cellular 
response. All areas were determined using NIH ImageJ (Rasband 1997-2006).  
 To assess differential cellular responses among species and sibships, a nested three-
way model was used with mitotic cells per unit area as the dependent variable, and sibship 
nested within species, species, diet, and interactions as factors. Because a significant species 
by diet interaction was detected (ANOVA, F = 12.73, p < 0.0001), the effect of diet on each 
species was analyzed separately using a two-way ANOVA (with diet and sibship as factors). 
A sibship x diet effect was also detected in Sp. bombifrons (ANOVA, F = 7.89, p = 0.0011), 
so each sibship within that species was analyzed with a one-way ANOVA. When significant 
diet effects were found, one-tailed post hoc Bonferroni t tests were performed between diets 
using alpha = 0.05 (where it was predicted that the response to shrimp > response to detritus, 
and the response to detritus > unfed response). As before, all statistical analyses were 
performed with JMP version 5.1.2 Statistical Software (SAS Institute, Cary, NC). 
 
Results 
Ancestral Character State Reconstruction 
 The ML reconstruction suggested that Spea’s ancestral feeding strategy was likely 
omnivory (Figure 4.1). The ancestral node that gave rise to Schapiopodidae (i.e., the clade 
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containing genera Scaphiopus and Spea) favored omnivory as the best character state 
(relative likelihoods for omnivory:carnivory were 7.3:1). 
 
Characterizing Gut Morphogenesis on Alternative Diets 
 Spadefoot species and sibships differed in their ability to express the short-gut 
morphology when fed shrimp. In Sc. couchii, the species that does not feed on shrimp in 
nature, shrimp failed to induce shorter guts on average in both sibships (mean gut revolutions 
± s.d. for sibship one: 1.83 ± 0.4 on shrimp, 1.90 ± 0.4 on detritus, Wilcoxon rank-sum, S = 
3301, p = 0.38; for sibship two: 2.14 ± 0.4 on shrimp, 2.25 ± 0.3 on detritus, Wilcoxon rank-
sum, S = 4659, p = 0.08). However, when fed shrimp, both Sc. couchii sibships produced a 
wider range of phenotypes than when fed detritus (range of gut revolutions for sibship one: 
0.9 – 3.1 on shrimp, 1.3 – 3.0 on detritus; for sibship two: 1.0 – 3.2 on shrimp, 1.6 – 3.1 on 
detritus) and, in sibship two, more variable (Levene’s test, p = 0.05) and extreme phenotypes 
(Figures 4.3 and 4.4). For Sp. multiplicata, the species that has historically experienced 
shrimp, but has more recently experienced competitive exclusion from this resource, we 
found that shrimp induced shorter guts (1.75 ± 0.4) than detritus (2.80 ± 0.4) in only one of 
three sibships (Wilcoxon rank-sum, S = 7844, p < 0.0001). None of the Sp. multiplicata 
sibships responded to shrimp by producing a wider range of gut phenotypes or greater 
variance in gut morphology and, across all three sibships, shrimp generated only one extreme 
morphology (the one long outlier in Figure 4.4). Finally, in Sp. bombifrons, the species that 
has the highest propensity to consume this resource, shrimp produced shorter gut 
morphologies on average in both sibships (for sibship one: 1.88 ± 0.5 on shrimp, 2.20 ± 0.4 
on detritus, Wilcoxon rank-sum, S =  4215, p < 0.0001;  for sibship two: 2.27 ± 0.4 on 
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shrimp, 2.53 ± 0.04 on detritus, Wilcoxon rank-sum, S = 4757, p = 0.0001), and also 
generated the greatest number of extremely short-gut morphologies (10 short outliers, 
Figures 4.3 and 4.4). Shrimp-fed Sp. bombifrons did not exhibit more variable gut 
phenotypes than those fed detritus. 
 
Measuring Cellular Proliferation  
 Diet influenced cellular proliferation in the anterior gut of all three spadefoot species 
(Figures 4.5 and 4.6). In Sc. couchii, detritus (mean ± s.d.: 597.14 ± 40.7 mitotic cells/mm
2
) 
had a significantly greater effect than both the shrimp (313.42 ± 34.8 mitotic cells/mm
2
; t = 
5.29, p < 0.0001, one-tailed Bonferroni t test for here and all comparisons below) and unfed 
treatment (242.78 ± 37.9 mitotic cells/mm
2
; t = 6.37, p < 0.0001), but the shrimp and unfed 
treatment were not significantly different from each other (t = 1.37, p = 0.09). In Sp. 
multiplicata, the effects of shrimp (664.94 ± 53.1 mitotic cells/mm
2
) and detritus (614.73 ± 
50.0 mitotic cells/mm
2
) were not significantly different from each other (t = 0.75, p = 0.23), 
but both were significantly greater than the unfed treatment (371.60 ± 51.9 mitotic 
cells/mm
2
; shrimp vs. unfed, t = 3.93, P < 0.0001; detritus vs. unfed, t = 3.23, p = 0.0011). In 
one sibship of Sp. bombifrons, shrimp had a significantly greater effect than detritus (for 
detritus: 1097.73 ± 82.4 mitotic cells/mm
2
; for shrimp: 821.80 ± 92.1 mitotic cells/mm
2
; t = 
2.31, p = 0.015), and detritus had a significantly greater effect than the unfed treatment 
(175.68 ± 86.8 mitotic cells/mm
2
; t = 5.23, p < 0.0001). In the second family of Sp. 
bombifrons, shrimp (908.58 ± 61.3 mitotic cells/mm
2
) had a significantly greater effect than 
detritus and no food (for detritus: 480.82 ± 79.2 mitotic cells/mm
2
, for unfed: 423.69 ± 56.0 
mitotic cells/mm
2
; for shrimp vs. detritus, t = 4.27, p < 0.0001; for shrimp vs. unfed, t = 5.84, 
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p < 0.0001), but the effects of detritus and being unfed were similar (t = 0.59, p = 0.28). 
These results suggest that shrimp elicits the most cellular proliferation in Sp. bombifrons, less 
proliferation in Sp. multiplicata, and the least in Sc. couchii. 
 
Discussion 
 Adopting a new dietary resource can facilitate rapid adaptive evolution in organisms 
(Reznick and Ghalambor 2001), allowing them  to occupy new habitats and shaping their 
interactions with other species (Karasov and Diamond 1988). Although feeding strategies 
vary enormously, even among closely related taxa, little is known about how organisms 
make the transition from an ancestral to a novel diet. One plausible mechanism is that 
phenotypic accommodation (the induction of novel morphology due to an individual’s 
inherent plasticity) allows an organism to persist under new environmental conditions (West-
Eberhard 2003; West-Eberhard 2005; Pigliucci et al. 2006). Subsequently, natural selection 
may favor genetic combinations that improve and extend the expression and functionality of 
the novel morphology (a process known as genetic accommodation). Although studies have 
shown that phenotypic and genetic accommodation can occur in a lab setting (Queitsch et al. 
2002; Suzuki and Nijhout 2006), to date, there is a paucity of evidence from natural 
populations (Hall 2001; Pigliucci and Murren 2003; West-Eberhard 2005; Braendle and Flatt 
2006; Moczek 2007; Ghalambor et al. 2007; for possible examples from nature, see Van 
Tienderen 1990; Gurevitch 1992; Day et al. 1994; Losos et al. 2000; Sword 2002; Pfennig 
and Murphy 2002; Parsons and Robinson 2006; Gomez-Mestre and Buchholz 2006). 
For traits to evolve by genetic accommodation, an ancestral lineage must already harbor 
underlying genetic variation that can be exposed by either a sensitizing mutation or 
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environmental stimulus (Sangster et al. 2004; Suzuki and Nijhout 2006). Such “hidden” 
genetic variation is neutral until the genetic or environmental stimulus causes it to be 
expressed phenotypically and thereby exposed to selection (Bergman and Siegal 2003; 
Hermisson and Wagner 2004). This process often increases the range of phenotypes normally 
exhibited by an individual (Schlichting and Smith 2002; Sangster et al. 2004; Badyaev 2005; 
Badyaev et al. 2005). If an exposed phenotype is adaptive in a given environment, 
accommodation may cause the population to evolve a developmental switch point for 
multiple traits (environmental polyphenism), or become canalized for one trait (genetic 
assimilation e.g., see Suzuki and Nijhout 2006). Thus, if Sc. couchii is an acceptable model 
for Spea’s ancestral condition (as our data suggest that it is; Figure 4.1), then we would 
expect Sc. couchii to exhibit morphological gut plasticity in response to consuming shrimp, 
and we would expect contemporary species of Spea either to have developed diet-induced 
polyphenism in environments where they can exploit both resources, or to have canalized a 
particular morphology in environments where they specialize on only one resource (e.g., see 
Figure 4.2). 
 Ancestral Spea were most likely similar to Sc. couchii in digestive morphology and 
physiology: An ancestral character state reconstruction revealed that Spea’s ancestral feeding 
strategy was likely omnivory (Figure 4.1), the strategy exhibited by Sc. couchii. Moreover, 
our measure of cellular proliferation in larval intestines indicates that Sc. couchii assimilates 
detritus with greater efficiency than shrimp. Thus, shrimp may have been, at least initially, a 
suboptimal component of the ancestral Spea species’ diet. Nonetheless, Sc. couchii can 
survive for at least 9 days post-fertilization when fed solely shrimp (unpublished data), 
indicating that ancestral Spea could also have survived on this novel diet. The ability to 
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persist on shrimp would have allowed pre-existing variation for larval morphological gut 
plasticity to be selected upon in subsequent generations. Our measures of morphological 
plasticity in Sc. couchii suggest that ancestral Spea populations likely harbored variation in 
their ability to respond to shrimp, and this ability varied between sibships. Indeed, in both Sc. 
couchii sibships, the range of phenotypes expressed by shrimp-fed larvae was greater than 
the range of phenotypes expressed by detritus-fed larvae (as we had predicted; see Figure 
4.2). Moreover, also as predicted (see Introduction), sibships differed in how responsive they 
were to shrimp and how frequently they expressed extreme morphologies.  
 Because Sp. bombifrons outcompetes Sp. multiplicata for shrimp (Pfennig and 
Murphy 2000), sympatric Sp. bombifrons and Sp. multiplicata have differential access to 
shrimp, even in the same ponds. Thus, we would expect genetic accommodation to have 
produced different feeding strategies in these two species (Figure 4.2). Sp. bombifrons most 
likely benefits from retaining its ancestral plasticity; the availability of shrimp varies spatially 
(between ponds), temporally (between years), and even within their larval period (in some 
ponds, shrimp are eliminated before the tadpoles metamorphose; D. Pfennig, pers. observ.). 
This variability in resource abundance both within and between generations should favor the 
evolution of within-generational plasticity (Young and Badyaev 2007; West-Eberhard 2003). 
Thus, although shrimp is a more nutritious resource for Sp. bombifrons (Pfennig 2000; 
Pfennig and Murphy 2000), evolving a developmental switch for the short-gut morphology 
would allow it to reap benefits from multiple environmental conditions. Unlike Sc. couchii, 
that produced both long and short outliers when fed shrimp, Sp. bombifrons only produced 
short outliers (i.e., extremely short guts) when fed shrimp, and produced mostly long outliers 
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when fed detritus. Sp. bombifrons’ tendency to produce the “correct” morphologies in 
response to shrimp and detritus probably reflects its fluctuating history with both resources.  
 In contrast, Sp. multiplicata larvae found in sympatry with Sp. bombifrons (i.e., the 
population used in this experiment) are poor competitors for shrimp, even when it is 
available (Pfennig and Murphy 2000; Pfennig and Murphy 2002). Thus, Sp. multiplicata 
larvae would benefit from having a canalized, long-gut morphology that is better suited for 
foraging on detritus (the majority of its diet). Because sympatric Sp. multiplicata may 
encounter and occasionally consume shrimp, they may have, early in their evolutionary 
history, been prone to producing a shorter gut morphology. However, because this short gut 
morphology would have been maladaptive in sympatric S. multiplicata (because they are 
inferior shrimp competitors: Pfennig and Murphy 2000), genetic combinations that stabilized 
the long-gut morphology should have been selectively favored in sympatric Sp. multiplicata. 
Indeed, as expected (Figure 4.2), Sp. multiplicata never produced short outliers in response to 
shrimp, and shrimp only shortened average gut morphology in one of three sibships tested. 
Thus, sympatric Sp. multiplicata populations have apparently stabilized the long-gut 
phenotype by genetic compensation (accommodation that restores the original phenotype, 
Grether 2005) with respect to Spea’s ancestral phenotype, or secondarily by genetic 
assimilation with respect to allopatric Sp. multiplicata populations. It is possible that Sp. 
multiplicata exhibits intestinal plasticity with greater frequency in allopatry, where it is the 
only spadefoot species consuming shrimp, but that comparison has not yet been made. 
 Not only has the short-gut morphology become more predictably plastic in Sp. 
bombifrons, it has been accompanied by physiological plasticity. Although both diets caused 
proliferation in the guts of the two Spea species, shrimp promoted greater proliferation than 
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detritus in Sp. bombifrons, the species that has the greatest propensity to eat shrimp (as 
predicted; Figure 4.2). In contrast, Sc. couchii’s response to shrimp was not significantly 
different from its unfed response (Figure 4.6). The physiological and developmental 
significance of this differential cell proliferation in spadefoots has yet to be determined. In 
one study, 14-day-old Gallus chicks of mothers fed a high-nutrient diet experienced greater 
intestinal proliferation compared to the offspring of mothers fed a low-nutrient diet (Rebel et 
al. 2006). The proliferation was concurrent with the expression of genes related to intestinal 
development, utilization of lipids and nutritional absorption. Intestinal proliferation in Spea 
larvae may similarly represent a physiological response to a high-nutrient diet. 
 Because stress responses in organisms are often integrated into one or more 
endocrinological axes, Sc. couchii’s intestinal response to an unfamiliar diet may be mediated 
by hormonal control. For instance, generalized stress (e.g., declining water availability, 
increasing conspecific density, food deprivation) activates the hypothalamic-pituitary-
interrenal axis in spadefoot toad tadpoles (Sp. hammondii), elevating whole-body 
corticosteroid content that can affect peripheral tissues (Denver 1999; Boorse and Denver 
2003). Corticoid-releasing hormone also stimulates the production of thyroid hormone 
(Denver 1999), which accelerates differentiation and inhibits growth (Boorse and Denver 
2003). Moreover, thyroid hormone induces the expression of Bone Morphogenetic Protein 4 
(BMP-4), which inhibits proliferation in the larval intestine (Ishizuya-Oka et al. 2006). Thus, 
if the stress caused by consuming a novel diet resulted in the upregulation of certain 
hormones in these developing tadpoles, proliferation in the anterior intestine could be 
significantly reduced. Over time, selection could work directly on these hormones or their 
target tissues, so that populations routinely consuming shrimp undergo normal gut 
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development (as in derived Spea). However, since the relationship between hormones and 
their effects on tissues are generally complex and stage-dependent (Crespi and Denver 2005), 
determining the specific role of stress on gut development in spadefoot tadpoles would 
warrant rigorous investigation. 
 If Spea’s ancestors could not utilize shrimp initially, why did the short-gut 
morphology become prevalent? In habitats where ancestral Spea tadpoles occurred, tadpoles 
may have found themselves in drying ponds without vegetation or microbial growth, in 
which shrimp were the only resource (e.g., as in modern “playa” lakes; see Pfennig et al. 
2006). In such stressful settings, ancestral Spea tadpoles may have been faced with preying 
on shrimp and other tadpoles to survive. Although ancestral Spea may have initially suffered 
a fitness reduction from this diet, individuals able to induce a shorter gut in this new 
environment would still have had an evolutionary advantage over individuals that lacked 
plasticity: Producing a shorter gut would have conserved developmental resources that would 
be otherwise squandered on an “unemployed” organ (Diamond 1991). Over time, those 
individuals that were most able to accommodate this change would have been selectively 
favored (e.g. through expression of appropriate enzymes, nutrient transporters, or hormones).  
Further investigation is needed to illuminate the type of genetic variation that was selected on 
for Spea to adopt carnivory as an alternate feeding strategy. For now, the morphological 
plasticity demonstrated by Spea’s sister genus, Scaphiopus, suggests that phenotypic 
plasticity may have played a key role in Spea’s ability to persist on a novel resource, and may 
have even instigated morphological and physiological evolution through genetic 
accommodation. 
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Figure Legends 
Figure 4.1. Relative support for omnivory (white) and facultative carnivory (black) in the 
ancestors of Pelobatoidea and outgroup, Xenopus. Transition rates are equal ( qˆ = 0.03, the 
rate estimated by ML under the Mk1 model) and branch lengths are all equal to one. The tree 
is derived from Figure 1 of García-París et al. (2003). Genera abbreviations: Sp. = Spea, Sc. = 
Scaphiopus, Pd. = Pelodytes, Pb. = Pelobates, Br. = Brachytarsophrys, M. = Megophrys, and 
L. = Leptolalax. 
 
Figure 4.2. The predicted responses of three spadefoot toad species to shrimp (shr.) and 
detritus (det.) if genetic accommodation played a role in the evolution of Spea’s feeding 
strategies. Scaphiopus is omnivorous and uses only one resource, detritus (indicated by 
leaves), whereas Spea has evolved facultative carnivory and can use detritus or shrimp. If 
developmental plasticity preceded the evolution of carnivory in Spea, we would expect 
Scaphiopus to exhibit morphological variance in response to shrimp, but a weak functional 
response (as assayed by gut cellular proliferation). We would expect species of Spea to have 
developed diet-induced polyphenism in environments where they can exploit both resources 
(as is Sp. bombifrons), or to have canalized a particular morphology in environments where 
they specialize on only one resource (as in sympatric Sp. multiplicata). Moreover, because 
modern species of Spea have an evolutionary history of consuming shrimp, they should also 
elicit a functional response to this resource. 
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Figure 4.3. (A, B, C, and D) Different diets contribute to the development of different 
morphologies in Sp. bombifrons at 24 hrs. post feeding. A. a detritus-fed individual that has 
intermediate gut morphology B. a shrimp-fed individual that has intermediate gut 
morphology C. a detritus-fed individual that has an extreme, long-gut morphology D. a 
shrimp-fed individual that has an extreme, short-gut morphology. Extreme morphologies 
observed in other spadefoot species were similar to the morphologies depicted here. Image 
backgrounds were made uniform with Adobe Photoshop CS2 (9.0). 
 
Figure 4.4. Distributions of extreme morphologies (outliers) across species. Lines within 
boxes are sibship-specific (pooled-treatments; i.e., both diet treatments combined) mean 
morphologies, where extreme morphologies (outliers) are represented as circles (points 
greater than UQ + 1.5*IQD or less than LQ – 1.5*IQD, where UQ = upper quartile, LQ = 
lower quartile, and IQD = inter quartile distance). Closed and open circles indicate shrimp 
and detritus-induced morphologies, respectively. Gut morphologies become short with fewer 
gut revolutions (e.g., in B., sibship 2 has one extreme “short- gut” morphology). 
 
Figure 4.5. Proliferation in the anterior intestine of Sp. bombifrons in response to a shrimp, 
detritus and unfed treatment, demonstrating intense, moderate, and weak mitotic activity, 
respectively (magnification x3.8; images were enlarged with Adobe Photoshop to a final 
magnification of x5.4). Spadefoot intestines were subject to whole mount 
immunohistochemical staining with an anti-phosphohistone antibody, visualized with an 
Alexa Red conjugated secondary antibody (fluorescence is pseudocolored yellow for 
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contrast). The punctate staining indicates nuclei undergoing mitosis; the more diffuse yellow 
staining is background due to trapped gut contents. Nuclei of all cells are counterstained with 
DAPI (blue). Image backgrounds were made uniform with Adobe Photoshop. 
 
Figure 4.6. (A, B, C and D) Distributions of cellular proliferation in the anterior intestines of 
three species of spadefoot toads when fed different diets. Lines within boxes indicate a 
group’s median value and blue circles indicate outliers. The lines extending from the top and 
bottom of each box represent the maximum and minimum values within the data set that fall 
within an acceptable range. A,B. Two sibships of Sp. bombifrons. Sibship 1 experienced 
more proliferation when fed shrimp than when fed detritus (p = 0.02), and more when fed 
detritus than when unfed (p < 0.001). Sibship 2 experienced more proliferation when fed 
shrimp than when fed detritus or when unfed (p < 0.0001). C. For two sibships of Sp. 
multiplicata that showed statistically indistinguishable results (family x diet, p = 0.59), the 
response to shrimp and detritus was similar (p = 0.25) and both responses were greater than 
when unfed (p < 0.0007). D. For two sibships of Sc. couchii that showed statistically 
indistinguishable results (family x diet, p = 0.77), the response to detritus was greater than its 
response to shrimp or being unfed (p < 0.0001); the responses to shrimp and to being unfed 
were not statistically different (p = 0.08).  
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CHAPTER V 
STRESS HORMONES AND THE FITNESS CONSEQUENCES ASSOCIATED WITH THE TRANSITION TO A 
NOVEL DIET IN LARVAL AMPHIBIANS
2 
 
Summary 
 Closely related species often specialize on different types of prey, but little is known 
about the fitness consequences of making an evolutionary transition to a novel diet.  
Spadefoot toad larvae provide a unique opportunity to reconstruct these evolutionary events.  
Although most anuran larvae feed on detritus or plankton, Spea larvae have also evolved the 
ability to consume large anostracan fairy shrimp.  To infer the changes that may have 
accompanied the shift to shrimp prey, we compared shrimp-induced physiological responses 
of Spea larvae to those of its sister genus, Scaphiopus, that has not made this transition.  
While Spea larvae performed equally well on either diet, shrimp-fed Scaphiopus larvae 
experienced reduced growth and developmental rates, as well as elevated levels of the stress 
hormone corticosterone when compared to those that ate the ancestral detritus diet.  These 
results suggest that ancestral Spea likely experienced reduced fitness when they first adopted 
a carnivorous feeding strategy.
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2
 This chapter is modified from Ledón-Rettig, C. C., D. W. Pfennig and E. J. Crespi. 2009. Stress hormones and 
the fitness consequences associated with the transition to a novel diet in larval amphibians. The Journal of 
Experimental Biology 212:3743-3750. 
! "#!
Introduction 
 Evolutionary diversification in animals is often accompanied by a change in resource 
use (Simpson, 1953; Schluter, 2000; Grant and Grant, 2008). For example, closely related, 
sympatric species typically differ in the prey on which they specialize, presumably as an 
evolutionary response that minimizes interspecific competition (reviewed in Schluter, 2000). 
Yet, such species must have had similar dietary preferences before they diverged, suggesting 
that shifts in resource use often accompany diversification. Despite the importance of dietary 
shifts, little is known about the physiological changes and fitness consequences that 
accompany them.  
 One way to assess the consequences of dietary transitions is to compare diet-induced 
responses in species or populations that exhibit an ancestral feeding strategy relative to those 
that have undergone a transition to a novel diet. Some studies that have taken this approach 
have found that populations may initially suffer a fitness cost as they make this transition. 
For example, Phillips and Shine (2006) found that when black snakes from Australia first 
encountered a novel prey item (introduced cane toads) the snakes likely suffered reduced 
fitness (cane toads are toxic). Black snakes were only able to prey consistently on cane toads 
once they had evolved behavioral and physiological traits that enabled them to cope with 
such prey. Furthermore, when organisms are presented with novel dietary resources, they 
may lack the behavioral, physiological or morphological characteristics for consuming that 
diet; thus a food-restricted condition either due to the inability to capture prey items or 
extract nutrients from prey items once ingested may be costly (e.g., Carroll et al. 1998). 
Whether such fitness costs are generally associated with dietary transitions is unclear. 
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 Here, we investigated the physiological changes associated with the transition to a 
novel diet in spadefoot toad larvae. Most species within the Pelobatoidea clade feed on 
detritus, which is likely the ancestral diet of anuran larvae (Altig et al. 2007). According to 
character state reconstruction analysis, Spea is the only lineage within the Pelobatoidea that 
has evolved the ability to exploit macroscopic prey (Ledón-Rettig et al., 2008). The evolution 
of carnivory in these tadpoles is associated with reduced intra- and inter-specific competition 
for food (Pfennig, 1992; Pfennig et al., 2007; Martin and Pfennig, 2009). While this 
ecological scenario depicts potential fitness benefits to be gained from a carnivorous diet, 
especially when resources are limited, multiple characters are needed to sense, obtain, digest, 
and assimilate nutrients from such prey. In order to better understand how ancestral 
populations of Spea may have shifted to a carnivorous diet, we examined the physiological 
changes that occur when larvae of Scaphiopus couchii, a detritivore species in Spea's sister 
genus (García-Paris, et al., 2003), consume anostracan shrimp, a common prey item of 
modern Spea larvae (Pfennig, 1992; Pomeroy, 1981).  
 We hypothesize that the transition to a carnivorous diet in spadefoot tadpoles may 
have been associated with the inability of tadpoles to ingest or acquire nutrients from such a 
diet, thus causing nutrient stress that can have negative fitness consequences. Food restriction 
generates substantial morphological and developmental plasticity among anuran (Wilbur and 
Collins, 1973; Werner and Anholt 1996; Kupferberg, 1997) and urodele (Wildy et al., 2001; 
Rohr et al., 2004) larvae. Generally, studies have shown that food restriction causes reduced 
body sizes at metamorphosis, but the effects on development time vary depending on when 
the restriction is experienced. During early developmental stages food restriction extends 
larval periods, as a minimum body size needs to be reached before metamorphosis can occur 
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(Wilbur and Collins, 1973). By contrast, food restriction experienced during later 
developmental stages accelerates metamorphic timing (in spadefoots; Newman, 1987; Morey 
and Reznick, 2004). Spadefoot toads typically develop in short-lived ephemeral ponds that 
not only vary in initial resource abundance, but also become depleted in resources as they dry 
(Pfennig, 1990; Pfennig et al., 1991). Given that growth and developmental rate are both 
under strong, positive, directional selection in spadefoots, reduced growth and development 
caused by nutrient restriction likely represents a fitness cost.  
 Physiologically, this plasticity in developmental timing and size at metamorphosis in 
response to food restriction (or other environmental stressors) is predominantly controlled by 
the neuroendocrine stress axis (reviewed in Denver 2009). Recent studies in anuran tadpoles 
have shown that the stress axis is activated in response to food restriction (Crespi and 
Denver, 2005) or increased competition for food (Glennemeier and Denver, 2002a), resulting 
in increased corticosterone (CORT) content (the primary glucocorticoid in tadpoles), 
increased thyroid hormone secretion and accelerated development rates (Denver 2009). 
Elevated CORT during food restriction has been observed in other vertebrates, and acts to 
inhibit growth while increasing gluconeogenesis and mobilizing energy stores from protein 
or lipid stores, to yield the necessary energetic resources needed to forage or seek more 
favorable conditions in the absence of nutrient inputs (Denver et al., 2002; McEwen and 
Wingfield, 2003).  
 In terms of diet transitions, the stress response to a novel diet could invoke 
morphological and physiological plasticity (i.e., cryptic phenotypic variation, Queitsch et al., 
2002) that facilitates the digestion of the novel food item. In spadefoot toads, for example, 
Ledon-Rettig et al. (2008) showed that the intestines of S. couchii tadpoles exposed to a 
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novel shrimp diet shorten to look more like the guts of carnivorous tadpoles, thus sparing 
developmental resources that would otherwise be squandered on an “unemployed” organ 
(Diamond, 1991). So while there may a short-term cost incurred by individuals ingesting a 
novel diet, (e.g., reduced growth) the neuroendocrine stress axis could facilitate the evolution 
of a novel feeding strategy by exposing population variation in traits that would ultimately be 
adaptive for consuming that resource. Once exposed, this variation may become modified 
and refined by natural selection (“genetic accommodation”, sensu West-Eberhard, 2003). 
To test the hypothesis that the neuroendocrine axis is activated when a carnivorous diet is 
introduced to larvae of spadefoot species with the ancestral feeding strategy, we exposed Sc. 
couchii tadpoles to shrimp and detritus diets from the time of hatching, and compared their 
response to that of a spadefoot toad species with a derived, carnivorous feeding strategy 
(Spea bombifrons). We measured growth, developmental rate, and whole-body CORT levels 
through ontogeny in these tadpoles to assess the physiological responses of each kind of 
tadpole to each diet. We predicted that Sc. couchii tadpoles would show reduced growth and 
development rates, and experience increased stress axis activity when exposed to shrimp. At 
the same time, we food restricted tadpoles of both species to assess whether growth, 
developmental and CORT responses to the novel diet were similar to complete nutrient 
restriction, or whether tadpoles were able to extract some nutrients and buffer the stress 
response. Finally, we experimentally manipulated glucocorticoid signaling in both species to 
determine the direct relationship between CORT and growth in these tadpoles. Ultimately, 
this set of experiments will resolve how the stress axis mediates the fitness costs incurred by 
these tadpoles when exposed to a novel diet. 
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Materials and Methods 
 All animals were collected near Portal, Arizona. In this area, Sp. bombifrons has 
undergone trophic character displacement with a closely related species, Sp. multiplicata, 
making this Sp. bombifrons population particularly carnivorous (Pfennig and Murphy, 2000, 
2002; Pfennig et al. 2007). Despite the recurrence of shrimp from year to year in this area, 
Sc. couchii feeds solely on detritus and microorganisms, although they will consume shrimp 
in the lab if it is the only available resource (Ledón-Rettig et al., 2008). Captured animals had 
been housed in a colony at the University of North Carolina, Chapel Hill for 1-2 years. To 
induce breeding, male and female adults were injected with 0.07 mL luteinizing hormone-
releasing hormone (Sigma L-7134) and left for eight hours in nursery tanks. All procedures 
were carried out in compliance with the Institutional Animal Care and Use Committee at the 
University of North Carolina, Chapel Hill, under application # 03-0110. 
 
Effects of diet on growth, development and whole-body CORT 
 One sibship each of Sp. bombifrons and Sc. couchii were bred for this experiment. 
After hatching (three days after breeding), larvae from each sibship were transferred to 
individual 3 oz plastic cups, assigned a particular treatment, and then randomized and 
interspersed on racks in the same room maintained at 26°C and on a 14h L:10h D light cycle. 
In most anuran larvae feeding is precluded in early development by a plug of endoderm in 
the esophageal region (Wright, 2005). This plug is cleared in spadefoot larvae only after 
hatching, thus no food was administered during the first three days of development. Four 
days after breeding, larvae were fed either brine shrimp nauplii, ground fish food (hereafter, 
detritus), or received no food; brine shrimp resemble the fairy shrimp that Spea feed on in 
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nature, whereas ground fish food resembles detritus in form and nutrition (fish food produces 
growth rates in Spea that are similar to growth rates found in natural ponds; Pfennig et al., 
2006; Pfennig et al., 1991). Unfed tadpoles of both species were only raised until the third 
day of treatment. All other larvae were fed their respective diets, ad libitum, for the next 
seven days. In the natural ponds where spadefoots breed and develop, anostracan shrimp 
undergo metamorphosis from nauplii to more complex, adult shrimp. Thus, four days after 
the initial feeding, both Sc. couchii and Sp. bombifrons tadpoles initially fed nauplii were 
switched to adult shrimp to emulate the natural development of shrimp in field conditions. 
An additional group of Sc. couchii tadpoles initially fed nauplii was switched to no food at 
all, to determine whether a shrimp diet presented any additional stress, beyond nutritional 
restriction, after four days. Yet another group of Sc. couchii tadpoles initially fed nauplii was 
kept on nauplii to control for the possibility that elevated CORT in Sc. couchii was due to the 
presence of the larger, more active adult shrimp, and not a shrimp diet per se (Fig. 5.1). 
 Tadpoles of both species were sampled one, two, three and seven days after the onset 
of feeding. Each tadpole was transferred to a 12 x 75 mm Falcon tube, rapidly frozen by 
immersion in an ethanol and dry ice slurry, and transferred to a -80°C freezer. Each treatment 
(species:diet:time) was represented by 8-12 larvae. All samples were taken during the same 
time of day (approximately 21:00). Weight and developmental stage (Gosner, 1960) were 
recorded for tadpoles before they were individually transferred to glass tubes for 
radioimmunoassay (RIA). 
 Corticosterone was extracted from whole tadpoles following the method of Denver 
(1998) with modifications. Briefly, total lipids were extracted by homogenizing each tadpole 
in 2 mL ethyl acetate; samples were centrifuged and the supernatant was reduced by rapid 
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evaporation. Samples were spiked with 3.5K cpm tritiated CORT ([
3
H]CORT, Perkin-Elmer) 
to allow for identification of CORT migration distance on silica thin-layer chromatography 
(TLC) plates (JT Baker Si250F) exposed to a toluene:cyclohexane (1:1) solvent system, 
followed by a chloroform:methanol (9:1) system (exposed twice). We located the CORT 
migration distance by scraping silica in 1 cm increments from two extra samples on the ends 
of the plate, and determining the radioactive peak using a Beckman LS6500 scintillation 
counter. We then scraped the region of silica containing CORT for each sample, extracted 
CORT from silica with 5 mL anhydrous ether, and dried samples under nitrogen (repeated to 
improve efficiency). Samples were resuspended in 0.5 ml 0.2M phosphate-buffered saline 
with 1% gelatin for RIA. We included samples from each diet and time on each TLC plate 
and RIA run; each species was run on separate plates and assays. We conducted eight assays 
total; the intra-assay coefficient of variation was 9.7%, and inter-assay variation was 11.5%. 
 
Statistical Analyses 
 Because Sp. bombifrons and Sc. couchii vary drastically in size and developmental 
speed, species were considered separately for all described analyses. For each treatment 
(unique time point and diet), the sample size was 8 for Sc. couchii and ranged from 8-12 for 
Sp. bombifrons. To determine the effects of diet on mass in each species, we performed 
ANOVAs with natural log-transformed mass as the dependent variable and assay (i.e., the 
group of tadpoles that was included in each assay), time, diet, and the time by diet interaction 
as factors. We sequentially removed non-significant terms from each model, beginning with 
higher order terms. To identify specific pairwise differences, we used Tukey tests (multcomp 
! %)!
package; Hothorn et al., 2008) that included all combinations of time points and diets within 
each species (thus preserving the experiment wise error rate at 0.05).  
 To determine how diet affected developmental rate in each species, we used non-
parametric Pearson's !2 tests since Gosner stage does not conform to parametric assumptions. 
Visual inspection of the developmental trends indicated that the most substantial differences 
in stage occurred three and seven days after the onset of feeding (Figure 5.2), so comparisons 
were made between diet groups collected at those times.  
 To determine the effect of diet on whole-body CORT, we performed ANCOVAs on 
each species with natural log-transformed CORT as the dependent variable. Assay, time, diet, 
and the time by diet interaction as factors, and natural log-transformed mass and stage (as a 
categorical factor) were used as covariates. As with mass, we sequentially removed non-
significant terms and performed Tukey tests between all time points and diets to determine 
specific pairwise effects.  
 We also used linear regressions to determine the unique contribution of mass and 
developmental stage to whole-body CORT in our tadpoles. Species were analyzed separately, 
but data from all time points and diet treatments were considered. Because mass and CORT 
change over time, they can possibly generate a spurious correlation between each other 
(Yule, 1926). Therefore, to remove time-dependent trends, we regressed time with natural 
log-transformed mass and CORT, separately, and regressed the residuals of these models 
against each other. In a separate equation, to assess the contribution of development to 
whole-body CORT, natural log-transformed CORT was regressed on Gosner stages 
(transformed as Helmert contrasts, which allow for comparisons between qualitative groups 
! %*!
that have an a priori ranking), and natural log-transformed mass (to control for the effect of 
mass). 
 All statistics were performed in the R 2.8.1 statistical language (R Development Core 
Team, 2008), except for the Pearson's !2 tests, which were performed in JMP 7.0.1 (SAS 
Institute, Inc., Cary). 
 
Effect of corticosterone on growth 
 To determine whether variation in CORT causes changes in larval growth rate, we 
treated tadpoles of both species with exogenous CORT (Sigma C2505) or a glucocorticoid 
receptor antagonist, RU-486 (mifepristone, Sigma M8046). Solutions of 250 nM CORT and 
100 nM RU-486 were prepared by first dissolving each solute in ethanol, and then diluting 
each in 0.1x Marc’s modified Ringer solution (MMR, final concentration of ethanol: 0.25
-3
). 
A 0.1x MMR and 0.25
-3
x ethanol solution was prepared for the control treatment. The 
concentrations of CORT and RU-486 were based on those used in previous studies (Crespi 
and Denver, 2004; Das and Brown, 2004), and were adjusted for the relative size and age of 
tadpoles used in our experiment. Because CORT and RU-486 are lipophilic compounds they 
are able to permeate tadpole tissues and cell membranes. Adding CORT to water in which 
tadpoles are housed has been shown to elevate their whole-body CORT with physiological 
effects (Krain and Denver, 2004).  
 One sibship each of Sp. bombifrons and Sc. couchii were used for this experiment. 
Two days after fertilization, 100 larvae were transferred to individual 3 oz. plastic cups 
containing the previously prepared CORT, RU-486, or 0.1x MMR solutions. After 24 hours 
these individuals were fed 0.25 mL (approximately 10 mg dry weight) brine shrimp nauplii 
! %+!
or 10mg detritus. Cups were randomized and interspersed on racks at 26°C and on a 14h L: 
10h D light cycle. Twenty-four hours after feeding, tadpoles that had cleared their cups of 
food (ensuring that all analyzed individuals had consumed the same amount; n = 12-24 per 
species:diet:hormone treatment) were euthanized with tricaine methosulfonate (MS 222), 
fixed in 4% paraformaldehyde, and rocked at 4°C overnight. Tadpoles were then dehydrated 
and stored in 100% ethanol at -20°C. A ventral photograph of each tadpole was captured 
with a Leica (Wetzlar, Germany) DFC480 R2 Camera (magnification x 2.5), and the snout-
vent-length (SVL), a proxy for growth, was measured using NIH Image J (Rasband, ’97-’06). 
 
Statistical Analyses 
 Separate ANOVAs were conducted for each species using natural log transformed 
SVL as the response variable and hormonal treatment, diet, and the hormone by diet 
interaction as the independent variables. The minimum adequate model was found by 
systematically eliminating non-significant terms, as previously described. Tukey tests were 
then performed to determine whether hormonal treatments differentially influenced tadpole 
growth.  
 
Results 
Effects of diet on growth, development and whole-body CORT 
 Mass in both species was influenced by assay (i.e., the group of tadpoles that was 
used for each assay), time, diet, and a time by diet interaction (ANOVA, bombifrons: assay: 
F(3,82) = 8.45, time: F(3,82) = 440.24, diet: F(2,82) = 469.35, time by diet: F(5,82) = 15.98, couchii: 
assay: F(3,87) = 1.32, time: F(3,87) = 43.58, diet: F(4,87) = 63.25, time by diet: F(5,87) = 6.87, all P 
! %#!
values < 0.0001). Unfed tadpoles grew poorly for the first three days of the experiment, 
weighing significantly less than fed tadpoles in both species (Fig. 5.2). Tadpoles fed either 
shrimp or detritus exhibited similar growth through day three in both species, but thereafter, 
only Sc. couchii tadpoles had diverged in a diet-dependent manner. Sc. couchii tadpoles fed 
detritus for three and seven days grew more than similar tadpoles fed shrimp (Fig. 5.2). There 
were no differences in body mass between Sc. couchii tadpoles that were fed adult shrimp, 
nauplii, or food restricted between 4-7 days (Fig. 5.3). 
 Diet significantly delayed the development of shrimp-fed Sc. couchii tadpoles at three 
(Pearson's test; !2 = 7.62, P = 0.05) and seven (!2 = 24.00, P = 0.0005) days after the onset of 
feeding (Fig. 5.2). This was not the case for Sp. bombifrons tadpoles, which showed no 
significant difference in developmental stage at either three (!2 = 4.67, P = 0.20) or seven 
days post-feeding (!2 = 6.48, P = 0.09). Likewise, there were no differences in developmental 
stage between tadpoles that were feed adult shrimp, nauplii, or food restricted between 4-7 
days (Fig. 5.3). 
 CORT levels in Sp. bombifrons were significantly influenced by mass, stage and 
assay (ANCOVA, P = 0.02, P = 0.03, mass: F(1,80) = 18,095.68, P < 0.0001, stage: F(8,70) = 
3.87, P = 0.02, assay: F(3,80) = 100.75, P < 0.0001) and marginally by diet and time (diet: 
F(2,80) = 2.62, P = 0.083, time: F(3,80) = 2.31, P = 0.08). Unfed Sp. bombifrons tadpoles 
generally had higher levels of CORT than fed tadpoles, but there was no difference between 
the CORT levels of shrimp and detritus-fed tadpoles (Fig. 5.2). While CORT was influenced 
by the same parameters in Sc. couchii, (time: F(3,78) = 5.64, mass: F(1,78) = 264.35, P < 0.0001, 
stage: F(8,78) = 3.87, P = 0.0007, assay: F(3,78) = 31.02, P < 0.0001, diet: F(4,78) = 7.46, P 
<0.0001), tadpoles diverged in diet-dependent CORT by seven days after feeding began 
! %$!
(time by diet interaction: F(5,78) = 4.02, P = 0.003), with shrimp-fed tadpoles having 
significantly higher levels of CORT than detritus-fed tadpoles. We found no differences in 
CORT content between Sc. couchii tadpoles that were fed adult shrimp, nauplii, or food 
restricted from days 4-7 (Fig. 5.3). 
 Mass had a significant effect on whole-body CORT in Sp. bombifrons (F(1,95) = 
1,813.77, R
2
adj = 0.95, P < 0.0001) and Sc. couchii (F(1,102) = 28.62, R
2
adj = 0.27, P < 0.0001) 
tadpoles after removing the effect of time (Fig. 5.4). Likewise, developmental stage 
influenced CORT in both species (Helmert contrasts, Sp. bombifrons, P = 0.05; Sc. couchii, 
P = 0.002). When assessed individually, all contrasts between developmental stages in Sp. 
bombifrons were negative, and two were significant, indicating that CORT concentrations 
decline as these tadpoles develop. Similarly, in Sc. couchii, six of eight contrasts were 
negative, and three of these were significant (no positive contrasts were significant), again 
suggesting that CORT declines during early spadefoot development (Fig. 5.4). 
 
Effect of corticosterone on growth 
 Results from our hormonal manipulation indicated that, regardless of food intake, 
glucocorticoid exposure affected growth in both species of tadpoles (Fig. 5.5; ANOVA, Sp. 
bombifrons: F(2,110) = 67.10, Sc. couchii: : F(2,105) = 90.48, both P values < 0.0001). CORT 
significantly reduced growth in larvae of both species fed either diet after two days of 
exposure. By contrast, blocking glucocorticoid signaling with RU-486 significantly increased 
growth in Sc. couchii tadpoles. Sp. bombifrons tadpoles also tended to grow more when 
exposed to RU-486, but this effect was not significant (P = 0.09). 
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Discussion 
 In order to infer the changes that may have accompanied the evolutionary transition 
to a novel diet, we characterized growth, development, and neuroendocrine stress response in 
two species of spadefoot toads - one that normally consumes only detritus and plankton (Sc. 
couchii) and a closely related species that can also consume shrimp (Sp. bombifrons) - when 
both species were given either an herbivorous or carnivorous diet. As predicted, Sc. couchii 
suffered growth and developmental costs when raised on shrimp, but Sp. bombifrons did not. 
Also as predicted, and also in contrast to Sp. bombifrons, Sc. couchii experienced higher 
levels of whole-body CORT when raised on shrimp. These increased levels of CORT may be 
at least partially responsible for the reduced growth and development observed in shrimp-fed 
Sc. couchii.  
 Our findings suggest that the reduced growth and development rates of shrimp-fed Sc. 
couchii tadpoles were likely due to nutritional restriction. Tadpoles fed shrimp showed 
similar growth and development rates as those that were completely food restricted. Because 
our tadpoles were fed ad libitum, we cannot say whether dietary restriction was caused by 
behavior (avoiding the diet) versus the inability to assimilate nutrients once the diet was 
consumed. However, when forced to consume shrimp, most Sc. couchii tadpoles assimilate 
nutrients less efficiently than they will from the same amount of detritus (Ledón-Rettig et al., 
2008). Therefore, at the very least, this species lacks the ability to digest or extract nutrients 
from shrimp at the level of the gut. Although it is not clear what traits aid Spea tadpoles in 
digesting shrimp (e.g., nutrient transporters or enzymes), they possess a number of behavioral 
and morphological features for consuming shrimp, thus rendering shrimp a higher quality 
diet than it is for Scaphiopus. For example, compared to Scaphiopus, Spea tadpoles exhibit a 
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stronger behavioral preference to eat shrimp (unpubl. data, Ledón-Rettig and Pfennig), and 
develop enlarged jaw muscles and mouthparts for capturing shrimp (Martin and Pfennig, 
2009). Presumably, these features make Spea tadpoles better able to capture and ingest 
shrimp, thereby maintaining growth and development. 
 In addition to reduced growth and attenuated development, the significant elevation 
of glucocorticoid production in shrimp-fed Sc. couchii tadpoles after seven days of feeding 
suggests that these individuals were inefficiently extracting or assimilating nutrients from 
their diet. While increased competition for food (i.e., increased density) and food deprivation 
elevates CORT levels in larvae of other anuran species (Rana pipiens: Glennemeier and 
Denver, 2002a; Spea hammondii: Crespi and Denver, 2005), here we show for the first time 
that CORT level is affected by the quality of a given diet. In this case, the quality of diet is 
dependent upon a species’ evolutionary history with that diet. This increase in corticosterone 
was likely stimulated by physiological factors indictating a state of negative energy balance 
and was associated with the mobilization of energy from stored fuels to keep these tadpoles 
functioning (McEwen and Wingfield, 2003). By seven days of growth and development, the 
energetic demands of Sc. couchii tadpoles likely outstripped the nutrients they could extract 
from a shrimp diet such that development slowed, growth ceased, and CORT synthesis and 
secretion increased to a level similar to that of tadpoles that were completely food deprived. 
The novelty of giving tadpoles adult shrimp after three days of eating nauplii did not appear 
to cause the stress response; tadpoles that were raised solely on nauplii also showed increases 
in CORT. 
 While it appears that diet quality clearly affects mass and the activation of the 
neuroendocrine stress axis in Sc. couchii, it is not entirely clear which causal pathways link 
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these variables. Our multiple regression analysis indicated that CORT concentrations varied 
inversely with body mass (and to a lesser extent with development stage) in tadpoles, an 
outcome that is consistent with a recent study of woodfrog tadpoles (Belden et al., 2007) and 
other vertebrates (Kitaysky et al., 1999; Moore et al., 2000). However, the effect of diet on 
Sc. couchii whole-body CORT levels at seven days post feeding was significant even after 
statistically controlling for differences among tadpoles in mass. Thus, it appears that while 
diet quality has a distinct effect on body mass, additional physiological or central nervous 
system cues signaling nutrient restriction (e.g., neuropeptide Y, see Crespi et al., 2004) or 
unique chemical cues from shrimp are likely stimulating the increased CORT levels in 
tadpoles receiving a suboptimal diet. Further, we experimentally showed that exogenous 
CORT decreases growth in both species, and in Sc. couchii, this decrease in growth was 
prevented by a blocking CORT signaling with treatment of a glucocorticoid receptor 
antagonist. If CORT suppresses growth in Sc. couchii seven days after feeding (as it did in 
our exogenous hormone treatment), then the shrimp diet may have additional negative effects 
on body mass, either by stimulating an increase in metabolism or inhibition of growth factors 
associated with glucocorticoid signaling (McEwen and Wingfield, 2003). 
 Another interesting pattern that was revealed by our study was that species express 
different relative strengths in their relationship between mass and whole-body CORT. Sc. 
couchii showed far more variation than Sp. bombifrons in this correlation, even within diet 
groups. It is unlikely that Sc. couchii larvae are more sensitive to environmental conditions, 
and that this variation is due to environmental differences among the individual cups in 
which they were raised.  Previous studies have shown that species of Spea are similarly 
sensitive to even subtle environmental variation, such as water levels (Denver, 1998; Boorse 
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and Denver, 2003; Gomez-Mestre and Buchholz, 2006). Further, tadpoles of both species 
were collected at the same time and were spatially interspersed in this study, thus, if 
microenvironmental variation caused variation in CORT among Sc. couchii tadpoles, it 
should have done so among Sp. bombifrons tadpoles, as well. 
 An alternate possibility is that whole-body CORT is less coupled to mass in Sc. 
couchii as a result of their unique life history. For Sc. couchii, maintaining a constant 
developmental rate in spite of nutritional condition is essential for survival: Sc. couchii larvae 
develop in ephemeral desert ponds, where the risk of mortality by desiccation is high (Bragg, 
1965; Newman, 1987). Sp. bombifrons larvae develop in similar habitats, but Sc. couchii 
tadpoles develop in ponds that are, in general, smaller and of shorter duration (Bragg, 1965). 
Possibly, as a result of this strong selection to metamorphose before their pond dries, Sc. 
couchii has evolved a developmental rate that is independent of food supply and, by 
extension, mass (Morey and Reznick, 2004). A tight link between whole-body CORT and 
mass might compromise Sc. couchii’s ability to metamorphose in time; thyroid hormone, 
which is responsible for metamorphic timing, and CORT are controlled by the same 
molecule (corticotropin releasing factor; Denver et al., 2002). Thus, relatively high variation 
in whole-body CORT content of Sc. couchii tadpoles may be the result of a relatively weak 
relationship between an individual’s nutritional status and the neuroendocrine axis, which 
can vary between life stages in spadefoot toads (Crespi and Denver 2005). 
 In addition to diet and mass, we also found that CORT content varied significantly 
with ontogeny. In both species, CORT content (per unit body mass) decreased dramatically 
with development during the early larval stages (stages 25-35). This pattern is similar to that 
of Xenopus laevis, where CORT is detectable just before hatching (stage 19), increases to its 
! '&(!
highest concentration (stage 26), and declines rapidly thereafter (Kloas et al., 1997; 
Glennemeier and Denver 2002b). By contrast, in Rana pipiens or R. catesbiana CORT is low 
during early stages and becomes elevated as metamorphosis approaches (Krug et al., 1983; 
Glennemeier and Denver 2002b). Spadefoot toads and Xenopus are more closely related to 
each other than either is to Rana, which may indicate that ontogenetic patterns of CORT are, 
to some degree, phylogenetically conserved. However, few studies have addressed the 
ecological and evolutionary causes of variation among amphibian neuroendocrine stress axes 
(Wada, 2008), and only additional studies encompassing a broad range of taxa will shed light 
on the origins of such variation. 
 
Conclusions and Evolutionary Implications 
 Because Scaphiopus is Spea’s most closely related taxanomic group that maintains 
the ancestral feeding strategy, it is in a unique position to shed light on the diet-induced 
responses of ancestral Spea populations. If ancestral Spea populations were like Sc. couchii 
in their growth, developmental and hormonal responses to shrimp, they may have had to 
surmount these physiological consequences as they transitioned to a novel diet. These 
physiological effects could, in turn, contribute to fitness costs, such as mortality due to food 
restriction or small body size if tadpoles reach metamorphosis. A general issue requiring 
clarification is how taxa eventually offset these fitness costs. One evolutionary scenario is 
that populations may endure prolonged periods of reduced fitness before variation arises 
(through mutation, recombination, or introgression with another species) that facilitates the 
utilization of a novel resource. An alternative scenario is that natural selection may act on 
standing variation to produce a population that is specialized for the novel diet. Such 
! '&)!
standing variation may often be expressed (and, therefore, exposed to selection) through 
phenotypic plasticity, only after a population actually encounters a novel resource or 
environment (Waddington, 1959; Rutherford and Lindquist, 1998). Diet-induced stress 
hormones may be a mechanism mediating the expression of this phenotypic variation. For 
example, Gomez-Mestre and Buchholz (2006) have suggested that stress-induced thyroid 
hormone fueled developmental and morphological plasticity in ancestral groups of spadefoot 
toads - plasticity that was ultimately responsible for diversification among species. Future 
studies will determine whether Scaphiopus populations possess heritable variation for diet-
induced CORT and its downstream effects on physiology, behavior and morphology. 
Demonstrating such heritable variation would suggest that diet-induced CORT played a 
substantial role in ancestral Spea’s transition to a shrimp diet.  
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Figure Legends 
Figure 5.1. Experimental design used to examine the effect of diet on Sp. bombifrons and Sc. 
couchii tadpoles in this study. One day after hatching we fed both species either detritus 
(white arrows), shrimp nauplii (light gray arrows), or nothing (black arrows). Tadpoles in the 
restricted food treatment were raised only until three days after feeding. Four days after the 
initial feeding, both Sc. couchii and Sp. bombifrons tadpoles initially fed nauplii were 
switched to adult shrimp (dark gray arrows). Additional groups of Sc. couchii tadpoles 
initially fed nauplii were switched to no food at all or were kept on nauplii. Black triangles 
along the x-axis indicate days on which tadpoles were sampled. 
 
Figure 5.2. Differential effects of diet on growth, development and corticosterone in Sp. 
bombifrons and  Sc. couchii tadpoles. Asterisks denote significant differences between diets 
within time points (P < 0.05, Tukey's HSD test for mass and CORT, Pearson's !2 test for 
developmental stage), and bars indicate mean ± SEM for each treatment group (n = 8 – 12). 
Mean and SEM for developmental stage are presented to facilitate visualization of the data, 
although non-parametric tests were used to statistically analyze this variable (see Methods). 
 
Figure 5.3. Comparisons between the dietary shift to shrimp or food restriction on mass, 
development, and whole-body corticosterone in Sc. couchii tadpoles. Mean (± SEM) for each 
variable are presented for tadpoles fed exclusively detritus or nauplii since hatching, those 
fed nauplii then adult shrimp at 4d of feeding, and those fed nauplii then food restricted at 4d 
of feeding (n = 8/group). Asterisks denote significant differences (P < 0.05, Tukey's HSD test 
for mass and CORT, Pearson's !2 test for developmental stage). Mean and SEM for 
! '&+!
developmental stage are presented to facilitate visualization of the data, although non-
parametric tests were used to statistically analyze this variable (see Methods). 
 
Figure 5.4. The relationships of corticosterone to mass and developmental stage in Sc. 
couchii and Sp. bombifrons tadpoles. Data represent individuals from all time points and 
diets (open circles: detritus-fed, gray triangles: shrimp-fed, black triangles: unfed). For mass, 
the residuals of natural log-transformed mass and CORT regressed separately on time (to 
remove the effect of time series) were regressed on each other. CORT decreased with 
increasing mass (Sp. bombifrons, R
2
adj = 0.85, P < 0.0001; Sc. couchii, R
2
adj = 0.27, P < 
0.0001) and increasing stage (Helmert constrasts: Sp. bombifrons, P = 0.05; Sc. couchii, P = 
0.002) in both species. Points along the developmental axes (bottom panels) were jittered to 
improve visualization. 
 
Figure 5.5. The effect of glucocorticoids on growth of Sp. bombifrons and Sc. couchii. After 
hatching, tadpoles were transferred to 250nM CORT, aged water, or 100 nM RU-486. One 
day after hatching, tadpoles were fed either shrimp or detritus (diet treatments are pooled in 
the figure because there were no diet by hormone interactions). Asterisks denote significant 
differences (Tukey's test, P < 0.05), and bars indicate mean ± SEM for each treatment group 
(n = 12 - 24).  
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Figure 5.5 
 
 
 
 
 
 
 
CHAPTER VI 
DIET AND HORMONAL MANIPULATION REVEAL CRYPTIC GENETIC VARIATION: IMPLICATIONS 
FOR THE EVOLUTION OF NOVEL FEEDING STRATEGIES
3
 
 
Summary 
 When experiencing resource competition or abrupt environmental change, animals 
often must transition rapidly from an ancestral diet to a novel, derived diet. Yet, little is 
known about the proximate mechanisms that mediate such rapid evolutionary transitions. 
Here, we investigated the role of diet-induced, cryptic genetic variation in facilitating the 
evolution of novel resource-use traits that are associated with a new feeding strategy – 
carnivory – in tadpoles of spadefoot toads (genus Spea). We specifically asked whether such 
variation in trophic morphology and fitness is present in Scaphiopus couchii, a species that 
serves as a proxy for ancestral Spea. We also asked whether corticosterone, a vertebrate 
hormone produced in response to environmental signals, mediates the expression of this 
variation. Specifically, we compared broad-sense heritabilities of tadpoles fed different diets 
or treated with exogenous corticosterone, and found that novel diets can expose cryptic 
genetic variation to selection, and that diet-induced hormones may play a role in revealing 
this variation. Our results therefore suggest that cryptic genetic variation may have enabled 
the evolutionary transition to carnivory in Spea tadpoles, and that such variation might 
generally facilitate rapid evolutionary transitions to novel diets.
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"!This chapter is modified from Ledón-Rettig et al. 2010. Diet and hormonal manipulation reveal cryptic 
genetic variation: Implications for the evolution of novel feeding strategies. Proceedings of the Royal Society B 
277:3569-3578!
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Introduction 
 Understanding the origins of novel, complex traits is a central goal of evolutionary 
biology (West-Eberhard 2003). Of special interest are novel traits associated with resource 
use, which may be particularly important because many of life’s most spectacular bouts of 
diversification are characterized by the appearance of new resource-use traits (Schluter 
2000).  Indeed, studies of invasive species suggest that transitions in resource use may occur 
rapidly (Carroll et al. 1998; Phillips & Shine 2004). Yet, the proximate mechanisms that 
generate such new traits are poorly understood.  
 Here, we explore the proximate mechanisms that facilitate the evolution of resource-
use traits by considering the role of “cryptic” genetic variation (sensu Gibson & Dworkin 
2004; Schlichting 2008) in fueling evolutionary shifts in resource use. Cryptic genetic 
variation is genetic variation that is revealed phenotypically under certain circumstances, 
such as when a population is exposed to a novel diet. Although such variation is not 
inherently adaptive, it might, by chance, be adaptive for consuming the novel resource. If so, 
it can mediate phenotypic shifts through genetic accommodation (sensu West-Eberhard 
2003), in which selection modifies the expression and functionality of a trait that was initially 
environmentally-induced. This process, acting on cryptic genetic variation, could provide a 
general explanation for how populations adapt to novel diets (Figure 6.1). 
 Adaptive evolution produced by genetic accommodation has the potential to occur 
more rapidly than that initiated by novel genetic mutations (West-Eberhard 2003). Given that 
the rate of adaptive evolution is determined by the frequency of beneficial mutations in a 
population (Fisher 1930), selection can immediately act on cryptic genetic variation, whereas 
the generation of novel genetic variation is limited by the mutational rate and population size. 
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In addition, novel mutations initially occur in only one individual, whereas cryptic genetic 
variation may be exposed in several experiencing the same environmental conditions, and 
may therefore exist at a relatively high initial frequency. Indeed, these are the same reasons 
that visible standing genetic variation produces adaptive change more rapidly than novel 
mutations (Barrett & Schluter 2008). However, visible genetic variation is constantly 
curtailed by selection, whereas cryptic genetic variation is buffered, allowing it to 
accumulate. Although cryptic genetic variation in traits associated with the ability to 
consume and assimilate novel food items could promote rapid dietary transitions, few 
empirical studies have evaluated the plausibility of this model for the evolution of novel 
resource-use traits (Ghalambor et al. 2007; Moczek 2007). 
 To test this model empirically, the expression of cryptic genetic variation must be 
measured in populations experiencing novel conditions. These measures should be made in a 
phylogenetic context to determine whether a given trait arose through preexisting genotypic 
variation as opposed to novel mutation (Hall 2001). Unfortunately, appropriate substitutes for 
ancestral populations of taxa with derived feeding strategies are rarely available (but see 
Parsons & Robinson 2006; Wund et al. 2008). An alternative approach is to study a species 
that is closely related to the species with the derived feeding strategy, but which has retained 
the ancestral feeding strategy (Aubret et al. 2007). Finding cryptic genetic variation present 
in such a species would indicate that cryptic genetic variation might have been present in the 
ancestral population and may therefore have facilitated the evolution of novel resource-use 
traits.  
 We undertook this approach with spadefoot toads. As we describe in detail below, 
some species of spadefoot toads have evolved a novel larval feeding strategy: in addition to 
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the ancestral larval diet of plants and detritus, they also feed on live animal prey (Bragg 
1965). We investigated the mechanisms underlying this dietary transition by measuring 
cryptic genetic variation in resource-use traits in a species that is ancestral (with respect to 
feeding strategy) to the clade that has evolved carnivory. This species, therefore, served as a 
model for the ancestral lineage that first encountered and consumed the novel resource. 
 In addition to determining whether the ancestral lineage likely harbored cryptic 
genetic variation that enabled the transition to carnivory, we also sought to investigate the 
physiological mechanisms that might have revealed this variation to selection. We 
specifically investigated the role of a single hormone, corticosterone. Hormones such as 
corticosterone are good candidates for mediating the expression of cryptic genetic variation 
for at least three reasons. First, hormones are a vital link between environmental change and 
an organism’s morphological and physiological response (Pigliucci 2001; Dufty et al. 2002). 
Second, hormonally regulated loci are known to possess selectable variation within 
populations (Suzuki & Nijhout 2006). Third, because many hormones are produced in 
response to environmental change, they could potentially unmask cryptic genetic variation 
when it is most needed. Given the concurrent release of cryptic genetic variation and 
hormones in response to novel environments, it seems likely that hidden variation might be 
exposed as a result of environmentally induced hormones. Indeed, the results of our analyses 
suggest that cryptic genetic variation, mediated by an environmentally responsive hormone, 
may play a substantial role in the rapid evolution of novel feeding strategies. 
 
Materials and Methods 
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Study System and Specific Predictions 
 We used Couch's spadefoot, Scaphiopus couchii, as a model for the ancestral 
phenotype of the facultatively carnivorous genus Spea. Larvae of most anuran species, 
including Sc. couchii, feed exclusively on minute organic material (Altig et al. 2007; Ledón-
Rettig et al. 2008). In contrast, Spea larvae that develop in the presence of anostracan fairy 
shrimp often depart from this typical diet and begin to specialize on large animal prey: 
shrimp and other tadpoles (Pfennig & Murphy 2000; Pfennig & Murphy 2002). This diet-
induced plasticity is accompanied by several derived traits. In contrast to the long, coiled gut 
of most anuran larvae, Spea that specialize on invertebrates and tadpoles develop a short, 
relatively uncoiled gut, which is adaptive for assimilating large particles of a high-quality 
diet (Barton & Houston 1993; Hume 2005). Carnivorous Spea also develop 
disproportionately large jaw muscles that help them capture and ingest large prey (Martin & 
Pfennig 2009). Lastly, unlike Sc. couchii, members of Spea can thrive on and extract 
nutrients from a shrimp diet, as measured by growth and gut cellular proliferation (Ledón-
Rettig et al. 2008; Ledón-Rettig et al. 2009). 
 Spea very likely evolved from an ancestral population that was similar to Sc. couchii 
with respect to resource acquisition, as supported by an ancestral character state 
reconstruction (Ledón-Rettig et al. 2008). The reconstruction was developed using a 
maximum likelihood model in Mesquite (Maddison & Maddison 2007) and favored 
omnivory as the best character state for the ancestral node that gave rise to Scaphiopus (the 
omnivorous clade) and Spea (the facultatively carnivorous clade). To determine whether 
cryptic genetic variation might have enabled a dietary transition in spadefoot toad tadpoles, 
we measured genetic variation in morphological traits (gut length and jaw muscle width) and 
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fitness (growth and developmental speed) when Sc. couchii tadpoles were raised on a 
surrogate for their native diet of detritus and Spea's derived diet of shrimp.   
 Further, we hypothesized that cryptic variation can be unmasked by diet-induced 
changes in glucocorticoid levels. Glucocorticoids cause simultaneous morphological and 
physiological adjustments in vertebrates (Sapolsky et al. 2000; McEwen & Wingfield 2003) 
including amphibian tadpoles (Denver 2009). Specifically, corticosterone (CORT, the major 
glucocorticoid in amphibians) is produced in Sc. couchii tadpoles upon exposure to a novel, 
carnivorous diet (Ledón-Rettig et al. 2009), although it is unclear whether they experience 
this increase due to novelty per se, or nutrient restriction resulting from difficulty in 
assimilating shrimp. Regardless of the mechanism causing the elevated CORT, its production 
may allow for the unmasking of cryptic variation. Thus, to assess the contribution of diet-
induced hormones in the exposure of cryptic variation, we included a CORT treatment in this 
study (e.g., Hu et al. 2008).  
 If cryptic genetic variation within a natural population of Sc. couchii is mediated by 
shrimp-induced elevations in CORT levels, then the effects of shrimp and CORT (regardless 
of diet) on the degree of variability or direction of expressed variation should be similar. We 
anticipated that a large proportion of phenotypic variation exposed by dietary or hormonal 
manipulation would be explained by underlying genetic variation. This would suggest that 
there is heritable cryptic variation within Sc. couchii and, if similar heritable variation was 
present in ancestral Spea populations, this variation might have facilitated the evolutionary 
transition to a shrimp-based diet (Figure 6.1).  
 
! ##(!
Experimental Design 
 In order to detect cryptic genetic variation we measured heritability in traits 
associated with both resource-use and fitness. We specifically estimated broad-sense 
heritability using a full sibship analysis. A full sibship analysis is sensitive to three types of 
variation that can potentially inflate heritability estimates: dominance, maternal and 
environmental. Environmental effects can be estimated from the phenotypic variation 
remaining after the effects of treatment (CORT and Diet) and family are removed, thus we 
were able to correct heritabilities for environmental variation. Further, because the treatments 
and families were randomized and interspersed in the same room, it is unlikely that 
environmental variation varied systematically among treatments or families (i.e., if 
heritabilities were inflated by environmental effects, they were inflated equally in all 
treatments and diets, Hurlbert 1984; Roff 1997). Finally, it might be contended that our 
estimates of heritabilities were moderately inflated in the lab relative to what they would 
have been in the wild, owing to an underestimate of total phenotypic variation. Even if this 
were the case, our results and conclusions would not qualitatively change. This is because we 
are mainly interested in relative levels of heritabilities among diet and hormone treatments 
(in fact, estimates of trait variance in field-caught and lab-reared tadpoles are similar; see 
Appendix 6.1). Only one condition-dependent maternal effect is known of in spadefoot toads, 
and this effect vanishes after mothers have been equilibrated in the lab for 1 year (Pfennig & 
Martin 2009). The adults bred in this experiment had been housed under similar conditions 
for 2-3 years, and we found no evidence that maternal condition influenced their offspring's 
phenotype (Appendix 6.2). Although we were unable able to partition out possible 
environmental or genetic maternal effects (i.e., genetic variation among mothers that can 
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influence their offspring's phenotype) that are uncorrelated with maternal condition (e.g., 
cytoplasmic factors), or the effect of genetic dominance, the comparisons emphasized in this 
study are differences in heritabilities between environments, not a derivation of heritability 
that is accurate enough to predict future trait values in response to selection (Uller et al. 
2002). Thus, a full sibship design is likely adequate for our purposes. Nine families of Sc. 
couchii were used in our analyses. All animals were collected near Portal, Arizona, and had 
been housed in a colony at the University of North Carolina, Chapel Hill. 
 To induce breeding, male and female adults were injected with 0.07 mL human 
luteinizing hormone-releasing hormone (Sigma L-7134) and left for eight hours in nursery 
tanks. After hatching (three days after breeding), larvae from each sibship were distributed 
among 12 x 16 x 8 cm
3 
plastic boxes filled with 800 mL dechlorinated tap water. For the 
fitness and morphology aspect of this study, each sibship was subject to a diet or hormone 
treatment, and each treatment was represented by nine replicate boxes of five tadpoles. Three 
additional replicate boxes of each family x hormone/diet treatment, each containing five 
tadpoles, were included for the purpose of determining how family and experimental 
treatment influenced endogenous CORT levels. All replicates were randomized and 
interspersed on racks in the same room maintained at 26°C and on a 14h L: 10h D light 
cycle. Four days after breeding, larvae were fed brine shrimp nauplii, ground fish food 
(hereafter, detritus), or detritus plus exogenous CORT. Brine shrimp resemble the fairy 
shrimp that Spea (the genus with the carnivorous feeding strategy) feed on in nature, whereas 
ground fish food resembles detritus (the native diet of Sc. couchii) in form and nutrition.  200 
!L of 1 mM exogenous CORT (Sigma C2505) was added to the appropriate replicates for a 
final concentration of 250 nM CORT. This concentration has physiological effects on 
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growth, and mifepristone (a glucocorticoid receptor antagonist) reverses these effects, 
suggesting that exogenous and endogenous CORT have comparable physiological actions 
(Ledón-Rettig et al. 2009). Tadpoles in the shrimp treatment were switched from nauplii to 
adult shrimp four days after hatching, simulating the natural development of this resource. 
On the same day, the exogenous CORT was replenished. Eight days after hatching, tadpoles 
were sampled for fitness and morphology, or for CORT analysis. Tadpoles sampled for 
fitness and morphology were euthanized with tricaine methosulfonate (MS 222) and fixed in 
formalin. Tadpoles sampled for CORT analysis were individually transferred to 12 x 75 mm 
Falcon tubes, rapidly frozen by immersion in an ethanol and dry ice slurry, and transferred to 
a -80°C freezer. 
 The developmental stage of tadpoles was determined using Gosner staging (Gosner, 
1960). Remaining traits of interest were measured with NIH Image J (Rasband, ’97-’06) on 
photographs captured with a Leica (Wetzlar, Germany) DFC480 R2 Camera. Separate 
images were taken for snout-vent-length (ventral, magnification x 1.25), gut length (dissected 
and uncoiled x 0.71), and orbitohyoideous muscle (lateral x 3.2). 
 
CORT extraction and radioimmunoassay 
 Weight was recorded for tadpoles before they were transferred to glass tubes for 
radioimmunoassay (RIA). CORT was extracted from whole tadpoles following the method of 
Denver (1998) with modifications. Briefly, total lipids were extracted by homogenizing each 
tadpole in 2 mL ethyl acetate. Samples were centrifuged and the supernatant was reduced by 
rapid evaporation. All samples were spiked with 3.5K cpm tritiated CORT ([
3
H]CORT, 
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Perkin-Elmer) to allow for identification of CORT migration on silica thin-layer 
chromatography plates (JT Baker Si250F) exposed (twice) to a toluene:cyclohexane (1:1) 
solvent system, followed by a chloroform:methanol (9:1) system. We located the CORT 
migration distance by scraping silica in 1 cm increments from two extra samples on the ends 
of the plate and determining the radioactive peak using a Beckman LS6500 scintillation 
counter. We then scraped the region of silica containing CORT for each sample, extracted 
CORT from silica with 5 mL anhydrous ether, and dried samples under nitrogen (repeated to 
improve efficiency). Each sample was resuspended in 0.5 ml 0.2M phosphate-buffered saline 
with 1% gelatin, and a 0.4 mL aliquot of this resuspension was used for RIA. In addition to 
our experimental samples, two aliquots from a single homogenous rat plasma sample were 
subjected to the same extraction procedure and were included in each RIA run for the 
purpose of calculating the coefficients of variation (CVs) within and between assays. Intra- 
and inter-assay CVs were 8.7% and 15.4%, respectively. The assay's range of detection was 
30 pg - 4000 pg CORT per sample. We included samples from each diet and family on each 
TLC plate and in each RIA .  
 
Statistical analysis: Main effects of diet and hormone regime  
 The effects of diet and exogenous CORT on fitness, morphology and endogenous 
CORT were determined using linear mixed models with package lme4 of the R Statistical 
Language, which is designed to model hierarchical, random variation (Baayeen et al. 2008). 
Model parameters were estimated using restricted maximum likelihood (REML). Response 
variables included snout-vent-length (SVL), Gosner stage (GS), gut length (GL), 
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orbitohyoideus muscle width (OH), and endogenous CORT (ng/g body weight). All 
parameters except GS were natural log transformed to reduce skewedness and increase 
normality. GS is an ordinal variable (discrete with a natural order), and may behave 
inappropriately in linear models. However, estimates of fixed and random effects for GS 
obtained using a Bayesian MCMC generalized linear mixed model approach (package 
MCMCglmm in R; Hadfield 2009), which can accommodate ordinal response variables, 
were nearly identical to those obtained when GS was treated as a continuous variable in a 
linear mixed model. Thus, only REML estimates are reported here. 
 For morphological and fitness traits, the effect of treatment (detritus, shrimp and 
detritus plus exogenous CORT) on each response variable was determined with models 
where the fixed effect was treatment and the random effects were family, the family by 
treatment interaction, and replicate. In models where the response variable was a 
morphological trait (GL and OH), size (SVL) was included as a fixed covariate. In a similar 
model with endogenous CORT as the response variable, the fixed effect was treatment and 
the random effects were family, the family by treatment interaction, and assay. To determine 
treatment effects in each model, we used a Tukey's Test from the R package multcomp 
(Hothorn et al. 2008), which is designed to execute multiple comparisons in linear mixed 
models. 
 
Statistical analysis: Cryptic genetic variation 
 We employed two methods of quantifying environment-specific genetic variation. 
First, we measured each trait's environment specific heritability, which is the proportion of 
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phenotypic variation due to underlying genetic variation (Falconer & Mackay 1996). Genetic 
variances of fitness and morphological traits within treatments were calculated with linear 
mixed models including family and replicate as random effects. Genetic variances of 
endogenous CORT were calculated with models including family and assay as random 
effects. For each within treatment model, only data pertaining to the respective treatment was 
used. In models where the response variable was a morphological trait (GL and OH), size 
(SVL) was included as a fixed covariate. All parameters except GS were natural log 
transformed to reduce skewedness and increase normality. To estimate heritabilities, we 
followed the protocols of Roff (1997) for a full sibship design, 
 
where H
2
 is broad-sense heritability, VAF is the variance among families, VAR is the variance 
among replicates, and VWR is the variance within replicates. Significant differences among 
heritabilities were determined using 500 replicates of nonparametric bootstrapping on the 
entire statistic. For comparing within treatment heritabilities, only families represented in 
both treatments were used (comparisons between detritus- and shrimp-fed tadpoles involved 
9 families, whereas comparisons between detritus-fed and CORT-exposed tadpoles involved 
7 families because two families responded to the CORT treatment with excessive mortality). 
 Second, for accurate comparisons of genetic variation among treatments, and for 
comparisons with other data sets, we calculated coefficients of variation. The coefficient of 
variation is a useful measure of variation when two groups differ in their means because, in 
many cases, the variation of a population measure will increase with its mean (Sokal & Rohlf 
1995). Notably, it is independent of environmental variance that might influence heritability 
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estimates (Houle 1992; Charmantier & Garant 2005). Typically, coefficients of additive 
genetic variation are typically measured. However, because we used a full sibship design, 
where additive, dominant and maternal effects are indistinguishable, we will refer to our 
metric as the coefficient of family variation, CVAF. 
 
The genetic variation, VAF, was determined using the same mixed models as for heritability, 
but using untransformed data (calculating coefficients of variation on scales which can 
potentially produce negative means produces coefficients of variation that are meaningless; 
Houle 1992). Confidence intervals for estimates of CVAF were created using nonparametric 
bootstrapping with 500 replicates.  
 
Results 
Main effects of diet and hormone regime 
 Overall, tadpoles fed shrimp or exposed to exogenous CORT grew significantly less 
and developed significantly slower than tadpoles fed detritus (for all comparisons, Tukey's 
Test, P < 0.0001, Appendix 6.3, Figure 6.2). Tadpoles fed shrimp had significantly shorter 
guts than tadpoles fed detritus after correcting for overall size (P < 0.0001). In contrast, 
tadpoles exposed to CORT exhibited relatively long guts (P = 0.019). Compared to detritus-
fed tadpoles, shrimp-fed and CORT-exposed tadpoles developed relatively small jaw 
muscles, although this difference was only significant for tadpoles treated with CORT (P = 
0.0008). Tadpoles fed shrimp or exposed to CORT exhibited significantly higher levels of 
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endogenous CORT than those fed detritus (for both, P <0.0001), but were not significantly 
different from each other (P = 0.42). Therefore, levels of endogenous CORT induced by the 
exogenous CORT treatment were within a natural, physiological range. Further, the range of 
endogenous larval CORT produced over all treatments was similar to the range produced by 
larvae of another spadefoot toad species (Spea hammondii) in an independent study (Denver 
1998), suggesting that no treatment used here induced pharmacological levels of CORT. 
 
Cryptic genetic variation: Heritabilities and coefficients of genetic variation 
 Consistent with our expectations that a novel diet could expose cryptic genetic 
variation, shrimp-fed Sc. couchii tadpoles possessed greater broad-sense heritability in size, 
developmental stage, and gut length (but not jaw muscle width) as compared with detritus-
fed tadpoles (Table 6.1, Figure 6.3). Likewise, tadpoles exposed to CORT exhibited greater 
heritability in gut length and developmental stage. However, the heritability of size was not 
significantly different between CORT-exposed and detritus-fed tadpoles, and tadpoles 
exposed to CORT in fact exhibited reduced heritability in jaw muscle width. The results 
produced by comparing coefficients of family variation were qualitatively identical to those 
produced by comparing heritability estimates (Table 6.1).  
 
Discussion 
 We investigated the proximate mechanisms that might have promoted the evolution 
of a novel resource-use phenotype. We specifically sought to determine whether cryptic 
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genetic variation might have played a role in the evolutionary transition from omnivory to 
carnivory in spadefoot toad tadpoles. In order to do so, we evaluated whether a novel diet 
could reveal cryptic genetic variation in an ancestral population, and whether diet-induced 
hormones could mediate this expression. Although cryptic genetic variation may play a key 
role in the origins of novel phenotypes, few studies have attempted to measure such variation 
in a phylogenetic context (although see Etges 1993) or provide a mechanism for its exposure 
(although see Rutherford & Lindquist 1998; Queitsch et al. 2002; Suzuki & Nijhout 2006; 
Badyaev 2009).  
 Here, we assessed the effects of a novel diet and the hormone corticosterone (CORT) 
on the expression of cryptic genetic variation in fitness and morphological traits in 
Scaphiopus couchii larvae. Previous research indicated that Sc. couchii is an appropriate 
model for the ancestral feeding condition of Spea (Ledón-Rettig et al. 2008), the genus that 
evolved carnivory. Furthermore, Sc. couchii tadpoles produce CORT in response to the 
derived diet (Ledón-Rettig et al. 2009). We found that shrimp, a novel diet for both Sc. 
couchii and ancestral Spea, revealed diet-dependent heritable variation in overall growth, 
developmental speed, and gut length (Table 6.1, Figure 6.3 B-D). We were able to 
recapitulate this effect on developmental speed and gut length by exposing tadpoles to CORT 
(Table 6.1, Figure 6.3 H-I), suggesting a role for diet-induced hormones in the expression of 
cryptic genetic variation. Such variation can be immediately refined by natural selection to 
produce rapid phenotypic evolution in natural populations. 
 It may seem counterintuitive that the cryptic genetic variation in size and 
development revealed by shrimp and CORT in Sc. couchii tadpoles could be adaptive, given 
that the overall effect of these agents was to decrease fitness. However, the relevant 
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comparison here is not between the fitness in the novel environment vs. the native 
environment, but a comparison between situations where expressed genetic variation is 
present or absent in the novel environment (Figure 6.1). When ancestral populations of Spea 
made a dietary transition to carnivory, they likely experienced decreased fitness until the 
costs associated with consuming shrimp were overcome by adaptation (Lande 2009; Ledón-
Rettig et al. 2009). On one hand, they might have lacked diet-dependent variation in trophic 
traits (e.g., if these traits were developmentally constrained or possessed strong cross-
environment correlations, Falconer & Mackay 1996; Gomez-Mestre et al. 2008). However, if 
ancestral Spea possessed cryptic genetic variation in these traits when they encountered their 
novel resource, this would have made it more likely that adaptive genetic variation was 
present for consuming shrimp and thus more likely that the population would endure the 
dietary transition. 
 Although shrimp and exogenous CORT had similar effects on the heritability of gut 
length in Sc. couchii larvae, they exerted remarkably different effects with respect to its 
direction of response. Shrimp-fed tadpoles produced relatively short guts (Figures 6.2 C, 6.3 
D), which is an adaptive morphology for a carnivorous diet (Hume 2005). By contrast, 
CORT-exposed tadpoles produced relatively long guts (Figures 6.2 C, 6.3 I), despite the fact 
that shrimp-fed tadpoles from the same families experienced high levels of endogenous 
CORT and produced shorter guts. Yet, this finding does not militate against CORT having a 
role in the phenotypic effects generated by a novel diet. For instance, while CORT may 
amplify family differences in gut length, the interaction between CORT and other aspects of 
the shrimp diet (e.g., chemical, physical, or nutritional) may be necessary to produce the 
complete natural response (McGuigan & Sgró 2009). 
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 Our relatively large estimates of shrimp- and CORT-dependent, broad-sense 
heritabilities in size, development and gut length could be due to increased additive genetic 
variation, decreased environmental variation, or increased maternal influence (Charmantier 
& Garant 2005). However, it is unlikely that increased heritability was caused by decreased 
environmental variation: our coefficients of variation, which are independent of 
environmental variation, were consistent with our estimates of heritability. It is also unlikely 
that our heritability estimates were inflated by differences in maternal condition: females 
used in this study were raised under similar laboratory conditions for 2-3 years, and maternal 
condition was not statistically correlated with any of the traits measured in this study 
(Appendix 6.2). Thus, our estimates of heritability likely indicate, to a substantial degree, 
additive genetic variation. 
 In contrast to gut length, the magnitude of genetic variation in jaw muscle width was 
not diet-dependent (Figure 6.3 E, Table 6.1). Moreover, exogenous CORT decreased the 
amount of expressed genetic variation in this trait (Figure 6.3 J, Table 6.1). Thus, novel diets 
and CORT may have different effects on cryptic genetic variation in different traits. 
Although the heritability of jaw muscle width in Sc. couchii larvae was not diet-dependent, it 
was not negligible either (in both shrimp- and detritus-fed tadpoles, heritability for this trait 
was significantly greater than zero). Genetic variation for consuming the native diet may 
persist in populations if there is some mechanism for maintaining phenotypic variation, but 
most likely reflects weak selection on jaw muscle width: i.e., having a particular jaw muscle 
size when consuming detritus does not confer a significant cost or benefit. Under such a 
scenario, variation has the opportunity to accumulate without being diminished by selection.   
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 From the cryptic genetic variation revealed by their novel diet, ancestral populations 
of Spea might have rapidly evolved improved performance (more robust growth and faster 
development) and adaptive morphologies (shorter guts) when consuming shrimp. However, 
modern Spea larvae are facultative carnivores that perform well on, and express alternate 
resource-use phenotypes that are adaptive for either detritus or shrimp (Pfennig & Murphy 
2002). Can we infer from Sc. couchii whether this plasticity (i.e., the ability to produce 
environmentally induced morphologies) evolved from such cryptic genetic variation? 
Although the heritability of plasticity can be measured (Laurila et al. 2002; Relyea 2005; 
Gomez-Mestre et al. 2008; Talloen et al. 2009; this study Appendix 6.4), it is unclear 
whether selection acts on reaction norms per se. Indeed, empirical studies have found that 
plasticity may fail to respond to artificial selection in the presence of genetic variation for the 
reaction norm (van Kluenen et al. 2002) and, conversely, evolve in spite of a strong genetic 
correlation between traits in alternate environments (Czesak et al. 2006). Some have argued 
that, as long as genetic variation exists for a trait in each environment, reaction norms will 
arise as an emergent property of selection favoring different trait optima in different 
environments (Via & Lande 1985; Via 1993). If true, cryptic genetic variation in gut 
morphology revealed by ancestral Spea tadpoles might have promoted the evolution of gut 
plasticity in descendent lineages.  
 In summary, we have found that a novel diet for anuran larvae can unlock cryptic 
genetic variation that can potentially fuel the evolution of a novel feeding strategy. Although 
a multigenerational study is not feasible in our system, a selection experiment would be the 
next critical step in validating the evolvability of traits that emerge from cryptic genetic 
variation. In situations where populations are faced with a rapid dietary transition (e.g., when 
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confronting intense resource competition or depletion of their usual resource by an 
environmental disturbance), phenotypes exposed by the novel diet, itself, may be an 
important source of variation on which natural selection can act, enabling these populations 
to adapt more rapidly to their new resource. By evaluating the mechanisms underlying the 
expression of cryptic genetic variation, and the extent to which it facilitates evolution in 
natural populations, we can illuminate the origins of the complex phenotypes that accompany 
diverse feeding strategies. More generally, such studies can help explain the origins of novel 
traits, which is among the central challenges confronting evolutionary biologists. 
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Table 6.1 Estimated family variance components (VAF) and total estimated variances (VTotal) 
for fitness, morphological, and hormonal parameters. The 95% confidence intervals for 
broad-sense heritabilities (H
2
) and coefficients of variation (CVAF: estimates of variation that 
are independent of sample means) were calculated using 500 bootstrapped replicates of the 
original data. If H
2
 or CVAF confidence intervals of alternate diets or hormonal environments 
were not overlapping for a particular trait, the H
2
 or CVAF of that trait was considered to be 
significantly diet- or hormone-dependent (D is the native diet, detritus; DC is detritus plus 
exogenous corticosterone; S is the novel diet, shrimp). (SVL) Snout-Vent-Length (GS) 
Gosner Stage (GL) Gut Length (OH) Orbitohyoideous muscle width (CORT) endogenous 
CORT (ng/g body weight). All parameters except developmental stage were natural-log 
transformed. 
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The estimated variance components among families and individuals for larval spadefoot toad
fitness and morpological parameters within diets and hormonal environments.
Trait Diet VAF VTotal H
2
CI
H
2
 Diet-
dependent? CVAF CI
CVAF Diet-
dependent?
SVL D 0.0005 0.0250 0.05 (-0.12,0.09) Y 2.73 (0.75, 5.47) Y
S 0.0054 0.0216 0.5 (0.34,0.65) 7.35 (6.11, 8.60)
GS D 0.0000 1.8876 0 (-0.13,0.00) Y 0.00 (-0.89, 0) Y
S 0.4856 2.8572 0.33 (0.20,0.49) 2.22 (1.73,2.75)
GL D 0.0028 0.0456 0.12 (-0.04,0.25) Y 6.70 (4.61, 8.75) Y
S 0.0060 0.0431 0.28 (0.13,0.40) 8.95 (6.46, 11.38)
OH D 0.0009 0.0094 0.19 (0.02,0.33) N 2.81 (1.52, 4.45) N
S 0.0017 0.0179 0.19 (0.03,0.33) 4.15 (2.50, 6.26)
CORT D 0.1215 0.2580 0.12 (-0.6020,0) Y 0.00 (-24.63,0) Y
S 0.1215 0.2580 0.94 (0.42,1.16) 16.39 (8.38,20.24)
Trait
Hormonal 
Environ. VAF VTotal H
2
CI
H
2
 Hormone- 
dependent? CVAF CI
CVAF Hormone- 
dependent?
SVL D 0.0007 0.0234 0.06 (-0.14,0.12) N 3.21 (1.20, 6.44) N
C 0.0010 0.0280 0.07 (-0.09,0.14) 3.45 (0.81, 6.89)
GS D 0.0331 1.9287 0.03 (-0.15,0.07) Y 0.52 (-0.28, 1.05) Y
C 0.3650 2.9544 0.25 (0.08,0.45) 1.82 (1.26, 3.02)
GL D 0.0000 0.0449 0.00 (-0.09,0) Y 1.15 (-3.59, 2.30) N
C 0.0074 0.0623 0.24 (0.02,0.41) 4.99 (1.59, 9.97)
OH D 0.0011 0.0100 0.22 (0.01,0.38) Y 3.11 (1.64, 4.97) Y
C 0.0001 0.0127 0.02 (-0.31,0.03) 0.00 (-3.98, 0)
CORT D 0.0000 0.20449 0.00 (-0.79,0) Y 0.00 (-26.20,0) Y
C 0.09891 0.20605 0.10 (0.36,1.51) 16.43 (4.59,24.29)
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Figure Legends 
Figure 6.1. Adaptive trait evolution in the presence or absence of cryptic genetic variation. In 
these diagrams, the optimal trait values for native and novel diets are indicated by a leaf and 
shrimp, respectively. When a population encounters a novel diet, it can either express hidden, 
diet-dependent heritable variation in a given trait (A) or not (B). If it does, selection can 
refine this phenotypically expressed genetic variation into an optimal canalized trait (C) if 
only the novel diet is experienced, or a plastic trait if both diets are experienced (E), a 
process referred to as “genetic accommodation”. In the absence of diet-dependent genetic 
variation, and the absence of novel mutation, the population cannot evolve towards the new 
trait optimum (D,F), and may perish if this phenotype-environment mismatch results in low 
fitness. 
 
Figure 6.2. The main effects of treatment (D is the native diet, detritus; DC is detritus plus 
exogenous corticosterone; S is the novel diet, shrimp) on SVL, developmental stage, gut 
length and jaw muscle width. For the purpose of displaying size-corrected traits, the residuals 
of natural log-transformed gut length and jaw muscle width on natural log-transformed SVL 
are shown. Significance levels (indicated with letters) were determined with linear mixed 
models on the original data with natural log-transformed SVL as a covariate, and natural-log 
transformed response variables. Bars within boxes indicate mean values, vertical bars 
indicate interquartile ranges, and circles indicate outliers. 
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Figure 6.3. Reaction norms of endogenous CORT, SVL, developmental stage, gut length and 
jaw muscle width (for graphical representation, natural log-transformed gut length and jaw 
muscle width were regressed against natural log-transformed SVL, and then residual values 
were used as size-independent values; SVL was used as a covariate in the actual statistical 
analysis). Treatment groups are diets (D for native diet, detritus; S for novel diet, shrimp) and 
hormonal regimes (DC for exogenous CORT). Only seven families were included in the D 
vs. DC comparison because two families responded to the CORT treatment with excessive 
mortality. Asterisks (*) and diamonds (!) indicate heritable variation in alternate 
environments that is significantly higher and lower, respectively. Each family has a unique 
line pattern and thickness that is retained between graphs. 
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CHAPTER VII 
CONCLUSIONS 
 Genetic accommodation is a quantitative genetic response to selection on the 
regulation of environmentally dependent phenotypes. It provides an attractive explanation for 
rapid evolutionary transitions - such as dietary shifts - because natural selection can 
immediately act on environmentally expressed genetic variation. In contrast to visible genetic 
variation, which is constantly curtailed by selection, environmentally dependent genetic 
variation is conditionally buffered from selection, allowing it to accumulate. Although 
cryptic genetic variation in traits associated with the ability to consume and assimilate novel 
food items could play a critical role in promoting rapid dietary transitions, few empirical 
studies have evaluated its presence in ecological and evolutionarily relevant traits 
(Ghalambor et al. 2007, Moczek 2007). The results from my dissertation research partially 
contribute to filling this gap, but at the same time suggest avenues of future research that 
would yield critical insights into the relevance of genetic accommodation to natural 
populations. I outline three specific examples below. 
 First, I provided evidence that ecologically distinct species evolved developmental 
responses that are adaptive for their specific environment (Chapter IV). Although the point 
may seem axiomatic, our ability to understand the evolution of plastic phenotypes will hinge 
on our ability to evaluate the environmental and ecological agents that organisms encounter. 
The ecological forces shaping the feeding strategies of sympatric Sp. bombifrons and 
multiplicata are well-known (reviewed in Chapter II), which allowed me to make
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reasonable predictions about the diet-dependent developmental responses I might expect 
from these lineages. Based on the fact that shrimp availability varies spatially and temporary, 
optimal digestion theory would have predicted that both Spea species would evolve diet-
induced plasticity in gut morphology (Sibly 1981). However, because Sp. bombifrons 
outcompetes Sp. multiplicata for shrimp, these lineages have differential access to the 
resource, even in the same ponds. Thus, Sp. bombifrons' plastic morphological response to 
shrimp was shaped by its history with fluctuating access to this resource, whereas Sp. 
multiplicata's canalized response was shaped by historical exclusion from this resource. 
 Second, I have provided compelling evidence that a lineage originally feeding on 
multiple diets became specialized for one, and that this exclusion from a previous resource 
was mediated by antipredator behavior (Chapter III). When initially plastic populations 
transition to less variable environments, as when Sc. couchii transitioned from a generalist 
strategy to specializing on the detritus resource, they might often evolve a constitutive 
(assimilated) phenotype that is most adaptive for that particular environment (Lande 2009). 
Indeed, there is growing empirical evidence for this trend in natural populations (Gomez-
Mestre and Buchholz 2006, Wund et al. 2008, Aubret and Shine 2009, Scoville and Pfrender 
2010, this research - Chapter III).  
 Although these studies describe general patterns of assimilation, none suggest a 
mechanism for the loss of alternate ancestral traits (i.e., the phenotypes that were not favored 
by selection). Trait loss can occur through at least two routes. First, when the maintenance or 
expression of plasticity is costly, selection should favor alleles that eliminate facultative 
responses (Relyea 2002, West-Eberhard 2003). Second, plasticity might be lost through 
mutational degradation or genetic drift (Lahti et al. 2010). In Chapter VI, I found that there 
! "#%!
was substantial heritable variation in Sc. couchii's performance on, and traits involved with 
consuming the shrimp resource (the resource that they have been excluded from by 
predators). As genetic variation is generally inversely correlated with the strength of 
selection, this pattern is more consistent with the latter mechanism. 
 In the future, to more robustly characterize Sc. couchii's predator-mediated exclusion 
from the shrimp diet, and to identify a specific mechanism for their assimilation of the 
detritivore feeding strategy, it would be useful to compare populations of Sc. couchii in 
sympatry with Spea (i.e., those used in this dissertation research) to those in allopatry. Such 
studies might reveal that allopatric populations of Sc. couchii that have not experienced 
exclusion from the shrimp diet by predators may (a) perform better on the shrimp resource 
and (b) exhibit less heritable variation in this performance. Replication of such comparisons 
with geographically distant allopatric populations would further validate such conclusions. 
Candidate geographic locations to derive these populations occur to the west of Spea's range 
in Arizona, to the east of Spea's range in Texas and Mexico.  
 Third, I provided evidence that under periods of relaxed selection, genetic variation 
might accumulate in an environment specific manner, as described in Chapter VI. At the time 
Chapter VI chapter was written, it was thought that shrimp was a completely novel diet for 
the Sc. couchii lineage (Duellman and Trueb 1986, Altig et al. 2007); however, it is now 
clear that Sc. couchii has been historically excluded from this resource. Even so, the 
conclusions derived from our results are similar: reintroducing a selective environment, such 
as a novel diet or a diet that hasn't recently been exploited, can reveal cryptic genetic 
variation in environmentally dependent traits. Such accumulated genetic mutations may have 
led to Sc. couchii's poor performance on the shrimp diet (addressed in Chapters IV, V and 
! "#&!
VI). Indeed, the process of trait loss through mutational decay in the absence of selection has 
been recognized for decades (Huxley 1953). However, it has also been recognized that, 
among accumulated mutations, there will be some alleles and allelic combinations that, when 
exposed by certain environmental conditions, may be beneficial for those environmental 
conditions (West-Eberhard 2003, Snell-Rood et al. 2010).  
 A future, exciting avenue of research will address to what extent relaxed selection 
promotes or constrains the evolution of novel phenotypes. For instance, how does the length 
of time between selective events influence the range and functionality of the phenotypes 
produced by exposed cryptic genetic variation? More mutations can arise during longer 
periods of time, perhaps increasing the range of phenotypes produced in the novel 
environment. At the same time, however, this mutational load may impair existing 
developmental pathways that would otherwise be used in the selective environment due to 
loss-of-function mutations. Likewise, what is the relative importance of exposed cryptic 
genetic variation in large and small populations? For instance, we may expect that 
populations of sufficient size will harbor a cryptic mutation, or combination of mutations, 
that is beneficial in the inducing environment, while this probability is lower in relatively 
small populations (Burch and Chao 1999). This parameter is especially important given that 
many populations experiencing environmental transitions will be inherently smaller (e.g., 
those colonizing new habitats, at the edge of their range, or experiencing habitat 
fragmentation). Answering these questions will give us critical insight into the conditions 
under which genetic variation, exposed by novel or recurring environments, fuels adaptive 
evolution by genetic accommodation. 
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 At the outset of this research, it was my goal to investigate the role of cryptic genetic 
variation in the origins of novel phenotypes. Given what we then knew about Spea, it was 
appropriate to assume Sc. couchii consumed Spea's ancestral diet (i.e., detritus), and thus 
shed light on the origins of Spea's novel resource polyphenism. Ultimately, once the true 
dietary diversity of Spea and Sc. couchii's close relatives and likely their ancestors came to 
light (in addition to detritus - macroinvertebrates, amphibian eggs and carrion), my data 
instead supported the role of mutation accumulation in the assimilation of Sc. couchii's 
current feeding strategy. This pattern is more characteristic of dietary diversification, 
although, if relaxed selection on Sc. couchii's ability to consume shrimp freed it to reach a 
new adaptive peak on the detritus diet (Kawecki 1994), we might argue that genetic 
accommodation has indeed produced a novel feeding strategy in Sc. couchii.  
 Regardless of whether Sc. couchii's feeding strategy is considered specialization or 
innovation, the conclusions from my research still inform the model of evolution by the 
genetic accommodation of plastic phenotypes. However, they have also raised an important 
issue regarding the choice of taxa for such comparative studies. To accurately infer the 
ancestral and derived states of taxa used in such studies, it would be best to use very recently 
diverged populations, in which ancestral and derived states can be known with certainty. 
Sadly, these opportunities will become more and more frequent as populations adjust, or fail 
to adjust to environments that are modified by habitat fragmentation, global climate change, 
and biological invasions (Moczek 2007).  
 Vertebrate individuals undergoing such transitions (in addition environmental 
changes that occur by non-anthropogenic disturbances) are likely to experience elevated 
stress hormones. This was certainly true of Sc. couchii, as this species experienced elevated 
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corticosterone in response to a "novel" shrimp diet (Chapter V). Because corticosterone per 
se appeared to mediate the expression of previously cryptic genetic variation in gut length, 
hormone-dependent expression of novel phenotypes may be a general property of 
populations undergoing environmental shifts. To my knowledge, my dissertation research is 
the first study to identify a potential mechanism mediating the expression of previously 
cryptic genetic variation in a naturally derived, vertebrate population. Clearly, more work 
needs to be done to fully characterize this potential mechanism. Future studies could address 
whether populations more likely harbor genetic variation in the regulation of environmentally 
sensitive hormones, themselves, or genetic variation in downstream targets. 
 In summary, my thesis research suggests that: 1) competitor and predator interactions 
can shape a species' or population's feeding strategy; 2) when a population experiences 
relaxed selection for traits exposed by and associated with consuming an alternate diet, 
heritable variation can accumulate in these traits; 3) this variation can be exposed when the 
novel or infrequently experienced diet is consumed; and 4) environmentally sensitive 
hormones may be a proximate mechanism mediating the exposure of such variation. My 
research has filled several of the empirical gaps concerning the process of genetic 
accommodation in natural populations. At the same time, it has engendered ideas for further 
research that will ultimately answer the central question uniting several biological field: what 
is the environment's role, not only in selecting, but creating diverse phenotypes? 
 
 
 
 
! "')!
APPENDICES 
APPENDIX 3.1 
DIETS OF TAXA USED IN ANCESTRAL CHARACTER STATE RECONSTRUCTION 
Taxa used for ancestral character state reconstruction for Pelobatoidea and outgroup, 
Discoglossus galganoi. Although we only indicated two species as consuming heterospecific 
eggs, it is likely that the larvae of many species listed here feed opportunistically on eggs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spadefoot
Genus Species Common name Diet Analysis type  References
Spea bombifrons
Great Plains 
spadefoot
Omnivore: Algae, plants, 
detritus and invertebrates 
Carnivore: invertebrates 
and tadpoles
Natural and 
laboratory 
observation this study, Bragg 1965
multiplicata Mexican spadefoot
Omnivore: Algae, plants, 
detritus and invertebrates 
Carnivore: invertebrates 
and tadpoles
Natural and 
laboratory 
observation, Gut 
content
Bragg 1965, Pomeroy 1981, 
Pfennig 1990
hammondii Western spadefoot
Omnivore: Algae, plants, 
detritus and invertebrates 
Carnivore: invertebrates 
and tadpoles Natural observation Turner 1952, Bragg 1965
intermontanus Great Basin spadefoot
Omnivore: Algae, plants, 
detritus and invertebrates 
Carnivore: invertebrates 
and tadpoles Natural observation Bragg 1965
Scaphiopus couchii Desert spadefoot Algae, plants and detritus
Natural and 
laboratory 
observation
Bragg 1965, Buchholz and 
Hayes 2002
holbrookii
Eastern spadefoot 
toad
Algae, plants, detritus and 
invertebrates and other 
tadpoles
Natural and 
laboratory 
observation this study, Bragg 1964
hurteri
Hurter's spadefoot 
toad
Algae, plants, detritus and 
invertebrates and other 
tadpoles
Natural and 
laboratory 
observation Bragg 1944, 1964
Pelobates
fuscus Common spadefoot
Algae, plants, detritus and 
invertebrates Gut content Pavignano 1990
syriacus
Eastern spadefoot 
toad
Algae, plants, detritus and 
invertebrates Gut content Degani 1986
varaldii
Moroccan spadefoot 
toad
Algae, plants, detritus and 
invertebrates Natural observation
Busack (personal 
communication)
cultripes
Western spadefoot 
toad
Algae, plants, detritus, 
invertebrates and 
heterospecific eggs
Natural and 
laboratory 
observation, Gut 
content
Diaz-Paniagua 1989, Busack 
and Zug 1975, Tejedo 1991
Non-spadefoot
Genus Species Common name Diet  References
Pelodytes punctatus Common parsley frog
Algae, plants, detritus, 
invertebrates and 
heterospecific eggs
Natural and 
laboratory 
observation, Gut 
content
Diaz-Paniagua 1985, Tejedo 
1991
Discoglossus galganoi Iberian painted frog
Algae, plants, detritus, 
invertebrates and other 
tadpoles when nutrient-
limited Natural observation
Álvarez and Nicieza 2002, 
Busack (personal 
communication)
*All "responses to pond drying" are the reflections of studies where some environmental variable that is a correlate of pond drying 
(i.e., food striction, high temperature or water volume reduction) was manipulated under laboratory conditions to assess plasticity
**Although we have only indicated two species as consuming heterospecific eggs, it is likely that most anuran larvae (with the 
exception of filter feeders such as Xenopus) feed opportunistically on eggs (personal observation & REF)
***We report typical pond durations, although spadefoots will regularly breed in ponds that are longer and shorter in duration
! "'#!
Appendix 6.1 References 
Álvarez, D. and Nicieza, G. 2002. Effects of temperature and food quality on anuran larval 
growth and metamorphosis. Functional Ecology. 16:640-648 
Bragg, A. N. 1944. Breeding habits, eggs, and tadpoles of Scaphiopus hurterii. 1944. 4:230-
241 
Bragg, A. N. 1964. Further study of predation and cannibalism in spadefoot tadpoles. 
Herpetologica. 20:17-24 
Bragg, A. N. 1965. Gnomes of the night. University of Pennsylvania Press, PA. 127 p. 
Busack, S.D. and Zug, G.R. 1976. Observations on the tadpoles of Pelobates cultripes from 
southern Spain. Herpetologica. 32:130-137 
Diaz-Paniagua, C. 1985. Larval diets related to morphological characters of five anuran 
species in the biological reserve of Doñana (Huelva, Spain). Amphibia-Reptilia 
6:307-322 
Diaz-Paniagua, C. 1989. Larval diets of two anuran species, Pelodytes punctatus and Bufo 
bufo, in SW Spain. Amphibia-Reptilia. 10:71-75 
Degani, G. 1986. Growth and behaviora of six species of amphibian larvae in a winter pond 
in Israel. Hydrobiologia. 140:5-10 
Pavignano, I. 1990. Niche overlap in tadpole populations of Pelobates fuscus insubricus and 
Hyla arborea at a pond in north western Italy. Italian Journal of Zoology. 57:83-87 
Pfennig, D. 1990. The adaptive significance of an environmentally-cued developmental 
switch in an anuran tadpole. Oecologica. 85:101-107 
Tejedo, M. 1991. Effect of predation by two species of sympatric tadpoleson embryo survival 
in Natterjack Toads. Herpetologica. 3:322-327 
Turner, F. B. 1952. The mouth parts of tadpoles of the spadefoot toad, Scaphiopus 
hammondi. Copeia 3:172-175. 
 
 
 
 
 
 
! "''!
APPENDIX 6.1 
COMPARISON OF PHENOTYPIC VARIANCE AMONG LAB-REARED AND WILD-CAUGHT TADPOLES4 
 
 It might be contended that, if less overall phenotypic variation (Vp) was expressed in 
the laboratory compared to in the field (owing to other factors that may affect growth or trait 
expression, such as temperature variation and encounters with predators), then our estimates 
of heritability could be inflated. 
 Because all treatments (and families within treatments) were randomized and 
interspersed, it is unlikely that environmental variation fluctuated systematically among 
treatments or families (i.e., if heritabilities were inflated, then they were inflated equally in 
all treatments and diets). Further, even if our estimates of heritabilities were moderately 
inflated in the lab relative to what they would have been in the wild, our results and 
conclusions would not change qualitatively.  This is because we were mainly interested in 
estimating the relative levels of heritabilities among diet and hormone treatments. 
 Nonetheless, to reinforce the validity of our estimates, we obtained a rough estimate 
of natural phenotypic variation by measuring SVL and OH muscle widths of a small sample 
(n=30) of wild-caught Sc. couchii tadpoles. We also measured variance in these same two 
traits among a random sample (with respect to family and replicate, n=30) of our detritus-fed, 
experimental tadpoles. The comparisons are shown in the table below. It appears that the 
variances in these two traits do not vary greatly between wild-caught and lab-reared tadpoles. 
Moreover, in both cases, total phenotypic variation is actually greater among the lab-reared 
tadpoles.  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
'!This appendix is modified from Ledón-Rettig, C. C., D. W. Pfennig and E. J. Crespi. 2010. Diet and hormonal 
manipulation reveal cryptic genetic variation: Implications for the evolution of novel feeding strategies. 
Proceedings of the Royal Society B 277:3569-3578!
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 In sum, it does not appear that our estimates of heritability were inflated relative to 
the values that would be observed in natural populations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix S1 
 
Comparison of phenotypic variance among lab-reared and wild-caught tadpoles 
 It might be contended that, if less overall phenotypic variation (Vp) was expressed in the 
laboratory compared to in the field (owing to other factors that may affect growth or trait 
expression, such as temperature variation and encounters with predators), then our estimates of 
heritability could be inflated. 
 Because all treatments (and families within treatments) were randomized and 
interspersed, it is unlikely that environmental variation fluctuated systematically among 
treatments or families (i.e., if heritabilities were inflated, then they were inflated equally in all 
treatments and diets). Further, even if our estimates of heritabilities were moderately inflated in 
the lab relative to what they would have been in the wild, our results and conclusions would not 
change qualitatively.  This is because we were mainly interested in estimating the relative levels 
of heritabilities among diet and hormone treatments. 
 Nonetheless, to reinforce the validity of our estimates, we obtained a rough estimate of 
natural phenotypic variation by measuring SVL and OH muscle widths of a small sample (n=30) 
of wild-caught Sc. couchii tadpoles. We also measured variance in these same two traits among a 
random sample (with respect to family and replicate, n=30) of our detritus-fed, experimental 
tadpoles. The comparisons are shown in the table below. It appears that the variances in these 
two traits do not vary greatly between wild-caught and lab-reared tadpoles. Moreover, in both 
cases, total phenotypic variation is actually greater among the lab-reared tadpoles.  
 In sum, it does not appear that our estimates of heritability were inflated relative to the 
values that would be observed in natural populations. 
 
Trait Environment Variance 
SVL Field 0.2679826 
  Lab 0.7703691 
OH Field 0.01301713 
  Lab 0.0165213 
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APPENDIX 6.2 
TRAIT VALUES REGRESSED ON MATERNAL WEIGHTS: TESTING FOR MATERNAL EFFECTS5 
 
 
 
 
 
 
 
 
 
 
 
Trait values regressed on maternal weights. Within diets, values of endogenous 
corticosterone (CORT), snout-vent-length (SVL), gosner stage (GS), gut length (GL), and 
orbitohyoideous muscle width (OH) were averaged for each family. These means were then 
regressed on the weights of the adult females that produced these families. Significant values 
are indicated in bold. In no instance was there a significant effect of maternal weight (i.e., it 
is unlikely that maternal weight inflated heritabilities) or significant interaction between 
maternal weight and treatment (i.e., it is unlikely that maternal weight influenced 
heritabilities differentially among treatments). 
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*!This appendix is modified from Ledón-Rettig, C. C., D. W. Pfennig and E. J. Crespi. 2010. Diet and hormonal 
manipulation reveal cryptic genetic variation: Implications for the evolution of novel feeding strategies. 
Proceedings of the Royal Society B 277:3569-3578!
Trait values regressed on maternal weights: Testing for maternal effects
Trait Source DF SS MS F P
CORT
Maternal Weight 1 0.210 0.210 2.857 0.107
Treatment 2 4.047 2.023 27.544 <0.0001
Maternal Weight x Treatment 2 0.204 0.102 1.389 0.274
Residuals 19 1.396 0.074
SVL
Maternal Weight 1 0.005 0.005 1.056 0.317
Treatment 2 0.505 0.252 59.330 <0.0001
Maternal Weight x Treatment 2 0.003 0.001 0.326 0.726
Residuals 19 0.081 0.004
GS Maternal Weight 1 0.366 0.366 0.776 0.389
Treatment 2 48.756 24.378 51.650 <0.0001
Maternal Weight x Treatment 2 0.001 0.001 0.001 0.999
Residuals 19 8.968 0.472
GL Maternal Weight 1 0.030 0.030 1.837 0.191
Treatment 2 0.292 0.146 9.049 0.002
Maternal Weight x Treatment 2 0.052 0.026 1.606 0.227
Residuals 19 0.307 0.016
OH Maternal Weight 1 0.005 0.005 3.252 0.087
Treatment 2 0.006 0.003 1.906 0.176
Maternal Weight x Treatment 2 0.003 0.002 1.053 0.368
Residuals 19 0.028 0.001
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APPENDIX 6.3 
THE MAIN EFFECTS OF DIET OR HORMONAL ENVIRONMENT6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Estimated main effects of diet or exogenous corticosterone on endogenous corticosterone 
(CORT), snout-vent-length (SVL), gosner stage (GS), gut length (GL), and orbitohyoideous 
muscle width (OH). For each trait, a Tukey test designed for linear mixed models was 
employed by the R language multcomp package. D is the native diet, detritus; DC is detritus 
plus exogenous corticosterone; S is the novel diet, shrimp. Statistically significant 
comparisons are highlighted in bold. 
 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
+!This appendix is modified from Ledón-Rettig, C. C., D. W. Pfennig and E. J. Crespi. 2010. Diet and hormonal 
manipulation reveal cryptic genetic variation: Implications for the evolution of novel feeding strategies. 
Proceedings of the Royal Society B 277:3569-3578!
The main effects of diet or hormonal environment, all data
Trait Comparison Std.E Z value Pr(>|z|)
CORT
DC - D 0.1325 5.724 <0.001
S - D 0.12 7.706 <0.001
S - DC 0.1319 1.259 0.4180
SVL
DC - D 0.0296 -7.023 <0.001
S - D 0.02737 -12.111 <0.001
S - DC 0.02966 -4.167 0.0001
GS
DC - D 0.3131 -5.101 <0.001
S - D 0.2888 -11.369 <0.001
S - DC 0.3139 -5.371 <0.001
GL
DC - D 0.04268 2.705 0.0186
S - D 0.04159 -5.338 <0.001
S - DC 0.04187 -8.059 <0.001
OH
DC - D 0.01693 -3.638 0.0008
S - D 0.01715 -2.016 0.1083
S - DC 0.01635 1.651 0.2244
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APPENDIX 6.4 
THE ESTIMATED VARIANCE COMPONENTS AMONG FAMILIES FOR PLASTICITY BETWEEN DIETARY 
AND HORMONAL ENVIRONMENTS
7 
 
Mixed models were used to estimate genetic variances of plasticity, with treatment (detritus 
vs. shrimp or detritus vs. exogenous CORT) as a fixed effect, and family, the family by 
treatment interaction, and replicate as random effects. A similar model for plasticity was 
conducted for endogenous CORT with assay in place of replicate. Response variables were 
snout-vent-length (SVL), gosner stage (GS), gut length (GL), orbitohyoideous muscle width  
(OH) and endogenous CORT. All parameters except developmental stage were natural-log 
transformed. For each model, only data pertaining to the two treatments in question was 
used. 
 For between treatment comparisons, only families represented in both treatments 
were used in order to maintain a balanced design (i.e., comparisons between detritus- and 
shrimp-fed tadpoles contained 9 families, whereas comparisons between detritus and CORT-
exposed tadpoles contained 7 families). Broad-sense heritability between treatments was 
modeled as, 
 
 
where VE was the variance due to the dietary or hormonal environment, VAF x VE was the 
family by environment interaction, VAF was the variance among families, VAR was the 
variance among replicates, and VWR is the variance within replicates In all comparisons, only 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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(in press)!
! 
H
2
=
2(V
AF
" V
E
)
V
AF
+ (V
AF
" V
E
) + V
AR
+ V
WR
! "'&!
families present in both treatments were considered to maintain a balanced design. Thus, in 
comparisons between detritus fed tadpoles and those also treated with CORT, two families 
were removed because they were unrepresented in the CORT treatment. 
 
 
 
 
 
 
 
 
 
 
 
The 95% confidence intervals (CI) for broad-sense heritabilities (H2) were calculated using 
500 bootstrapped replicates of the original data - if H2 CIs of alternate diets or hormonal 
environments did not include zero, the heritability of that trait's plasticity was considered 
significant. Broad-sense heritability for plasticity between diets (detritus and shrimp) was 
significantly greater than zero for developmental stage, but not for size, gut length, or jaw 
muscle width. Qualitatively identical relationships were observed when plasticity between 
detritus-fed tadpoles and CORT-exposed tadpoles was assessed. 
 
 
 
 
The estimated variance components among families for plasticity between
dietary and hormonal environments
Plasticity between dietary environments
Trait VAF X VE VTotal H
2
CI Signifcant
CORT 0.0386 0.24 0.32 (-0.23,0.56) N
SVL 0.0006 0.02 0.05 (-0.06,0.11) N
GS 0.1512 2.37 0.13 (0.02,0.26) Y
GL 0.0000 0.14 0 (-0.05,0) N
OH 0.0009 0.01 0.12 (-0.01,0.25) N
Plasticity between hormonal environments
Trait VAF X VE VTotal H
2
CI Significant
CORT 0.0217 0.20 0.22 (-0.50,0.44) N
SVL 0.0008 0.03 0.06 (-0.07,0.12) N
GS 0.1826 2.41 0.15 (0.01,0.30) Y
GL 0.0016 0.05 0 (-0.08,0.12) N
OH 0.0001 0.01 0.02 (-0.10,0.05) N
Data have been transformed
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